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REMARKS 

Reconsideration of the Office Action mailed July 17, 2002, (hereinafter "instant Office 
Action"), entry of the foregoing amendments, withdrawal of the objection and withdrawal of the 
rejection of claims 1-13, 15-25 and 27-29, are respectfully requested. 

The instant Office Action lists claims 1-29 as pending, claims 14 and 26 as withdrawn 
from consideration and claims 1-13, 15-25 and 27-29 as rejected. 

Attached hereto as Appendix A is a marked-up version of the changes made to the claims 
by the current amendments. Appendix A is captioned "Version wi th markings to show 
changes made" . 

In the instant Office Action, the Examiner acknowledges that applicants have elected 
group I in response to the restriction requirement. The Examiner further states that claims 14 and 
26 are withdrawn from further consideration as being drawn to non-elected inventions. The 
Examiner has made the restriction requirement final. Applicants have cancelled claims 14 and 
26 without waiver or prejudice in response to the restriction requirement. 

In the instant Office Action, the Examiner notes that the instant application does not 
contain an abstract of the disclosure as required by 37 CFR 1.72(b). The abstract for the instant 
application is attached hereto as Appendix B. 

In the instant Office Action, Claims 12 and 19 are rejected under 35 U.S.C. §112, first 
paragraph, because the Examiner alleges that the specification, while being enabling for treating 
vascular hyperpermeability and therefore, edema, diapedesis and vascular hypotension, does not 
reasonably provide enablement for treating all other disorders listed in Claims 12, 16, and 19 
such as brain tumors, liver cirrhosis, etc. The Examiner further alleges that there is no guidance 
or direction in the specification as well as no examples provided to show how the instant 
compound will have utility in treating all other disorders besides edema, diapedesis and vascular 
hypotension and that it would require undue experimentation to demonstrate the effectiveness of 
the instant compound in treating other disorders. Applicants respectfully traverse this rejection. 

The Examiner alleges that there is no teaching in the specification or prior art that specific 
inhibitors of catalytic responses of KDR/VEGFR-2 without affecting activity of Flt-l/VEGFR-1 
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will treat all other diseases such as brain tumors, liver cirrhosis, etc. As described on page 1, 
lines 16-25 of the instant specification, VEGF is known to be an important mediator in one or 
more of the mechanisms that underlie edema and the formation of the edematous state in an 
individual. VEGF causes an increase in permeability in vascular beds. VEGF is expressed by 
inflammatory T-cells, macrophages, neutrophils and eosinophils at sites of inflammation. 

It is well known that overproduction of VEGF results in vascular hyperpermeability, 
which can be accompanied by edema, diapedesis, aberrant trans-endothelial exchange and matrix 
deposition among other physiological events. These states are present in or contribute toward the 
onset of a wide variety of diseases, as discussed above. The common thread linking the list of 
diseases in claims 12 and 19 which can be treated with the compounds of the instant invention is 
the presence of excessive amounts of VEGF which result in symptoms commonly associated 
with each of these indications. Applicants teach that inhibition of the formation these conditions 
via inhibition of VEGF can hinder the progression of these diseases. 

The Examiner acknowledges that the instant compound selectively inhibits KDR 
and more specifically catalytic responses of KDR/VEGFR-2 without affecting activity of Flt- 
1/VEGFR-l and therefore, will have utility in treating vascular hyperpermeability and therefore, 
edema, diapedesis and vascular hypotension. Applicants point out that VEGF is well documented 
as the most potent inducer of vascular hyperpermeability resulting in the leakage of fluids and 
extravasation of plasma proteins & fluids into tissues leading to interstitial fluid which is 
observed as swelling or edema. The term used to describe the condition depends on where the 
extravasated fluid accumulates. If the vascular leakage occurs into the peritoneal cavity the result 
is ascites. If vascular leakage occurs into the "sac" surrounding the heart or lungs the result is 
pericardial or pleural effusions. If it occurs through the body surface it is an exudate. 
Accordingly, ascites, effusions and exudates are enabled since their principle difference with 
edema is the region within which the fluid accumulates. 

Applicants respectfully direct the Examiner's attention to page 11, line 34 through page 
12, line 6 of the instant specification wherein Applicants state 

Vascular hyperpermability, associated edema, altered transendothelial 
exchange and macromolecular extravasation, which is often accompanied by 
diapedesis, can result in excessive matrix deposition, aberrant stromal 
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proliferation, fibrosis etc. Hence, VEGF-mediated hyperpermeability can 
significantly contribute to disorders with these etiologic features. 

Applicants list from page 12, line 3 to page 17, line 17 examples of disorders exhibiting 
increased levels of VEGF wherein inhibition of KDR/VEGFR-2 and the corresponding 
minimization of the accompanying edematous state by the instant compound would inhibit the 
formation of such disease states. For instance, increases in VEGF and microvascular 
hyperpermeability are associated with psoriasis. Circulating serum VEGF levels are dramatically 
increased in victims of polytrauma and burns (Grad et al. 1998. Clin. Chem. Lab. Med., 36(6): 
379-383, attached hereto for the Examiner's convenience as Exhibit 1). Edema formation is 
associated with sunburns, erythedema, persistent acrodema and bullous diseases. Inflammatory 
and neoplastic disorders are commonly characterized by enhanced microvascular permeability. 
VEGF has been implicated in macular or other ocular edema, ocular ischemia and vascular 
edema. Increased intraocular pressures caused by VEGF overproduction and edema can result in 
glaucoma. Also, vascular hyperpermeability is often associated with conjunctivitis. The 
production of VEGF can disrupt exchange across pulmonary endothelia and thereby cause 
pulmonary edema. Increases in VEGF production have been associated with ovarian 
hyperstimulation syndrome (Levin et al. 1998. J. of Clinical Investigation, 102(1 1):1978-1985, 
attached as Exhibit 2) and polycystic ovarian syndrome. VEGF is believed to account for the 
pathogenomonic histopathology and clinical features of glioblastoma tumors (Goldman et al. 
1997. Neurosurgery, 40(6): 1269-1277, attached hereto as Exhibit 3) and increased cerebral 
edema (Xu et al., 1998. J. Appl. Physiol., 85: 53-57, attached hereto as Exhibit 4). VEGF 
overproduction is observed in patients with lung, (Yano et al., 2000. Clin. Cancer Research, 6: 
957-965 attached hereto as Exhibit 5), breast or colon (Ellis et al, 1998 J. of Biological 
Chemistry, 273(2): 1052-1057, attached hereto as Exhibit 6) carcinomas, lymphomas and 
leukemias. Elevated levels of VEGF and the resulting vascular hyperpermeability are found in 
renal disorders such as microalbuminuria, proteinuria, oliguria, electrolyte imbalance and 
nephrotic syndrome. Protein extravasation and diapedesis that commonly accompanies edema 
and leads to excessive matrix deposition and stromal proliferation contribute to the progression 
of disorders such as hyperviscosity syndrome, liver cirrhosis (Rosmorduc et al., 1998. American 
J. of Pathology, 155(4): 1065-1073, attached as Exhibit 7), fibroses, keloid and formation of 
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undesired scar tissue. VEGF has also been implicated in inflammatory diseases such as asthma 
and chronic bronchitis (McDonald, D.M., Am. 7. Respir. Crit Care Med., 2001. 164: S39-S45, 
attached hereto as Exhibit 8), malignant ascites formation (Yoshiji et al. 5 2001. Hepatology, 
33(4): 841-947, attached hereto as Exhibit 9), and ovarian cancer (Mesiano et ah, 1998. Am. J. of 
Pathology, 153: 1249-1256, attached hereto as Exhibit 10). Contrary to the Examiner's allegation 
that the specification is not enabled when considering the state of the prior art, the state of the 
prior art clearly shows that VEGF is implicated in a large number of different diseases. 

With respect to the Examiner's allegation that undue experimentation is required to use 
the instant invention, the determination of what constitutes undue experimentation in a given 
case requires the application of a standard of reasonableness, having due regard for the nature 
of the invention and the state of the art: Ansul Co. v. Uniroval, Inc ., 4 F.2d 872 (2d Cir. 
1971). The test is not merely quantitative, since a considerable amount of experimentation is 
permissible, if it is merely routine, or if the specification in question provides a reasonable 
amount of guidance with respect to the direction in which the experimentation should 
proceed to enable the determination of how to practice a desired embodiment of the invention 
claimed. The factors to be considered have been summarized as the quantity of 
experimentation necessary, the amount of direction or guidance presented, the presence or 
absence of working examples, the nature of the invention, the state of the prior art, the 
relative skill of those in that art, the predictability or unpredictability of the art and the 
breadth of the claims. In re Rainer , 52 CCPA 1593, 347 F.2d 574, 146 USPQ 218 (1965); In 
reColonianni , 561 F.2d 220, 224, 195 USPQ 150, 153 (CCPA 1977). 

In the instant specification the assays used to determine the level of activity and effect of 
the different compounds of the invention are described on pages 25-36 of the instant 
application. The protocols used in the assays are either well known to those skilled in the art, 
detailed in the instant specification or, in some cases, a published reference is cited (see page 
32, line 10 of the published PCT application). The amount of experimentation required to 
utilize the instant invention is routine in the field of medicinal chemistry, and, thus, is not 
undue. 

With respect to the Examiner's allegation that the specification is not enabling based on 
the presence or absence of working examples provided in the instant specification, Applicants 
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direct the Examiner's attention to the table on page 34 of the corresponding published PCT 
application, WO00/27414, which lists results demonstrating the inhibitory activity of the 
compounds of the instant invention for KDR tyrosine kinase activity. Applicants respectfully 
point out that there is no requirement as to how many working examples must be provided in a 
patent application. Further, the Court of Customs and Patent Appeals had stated earlier in hire 
Cavallito and Gray , 282 F. 2d 363, 127 USPQ 206 (CCPA 1960), in deciding the issue of 
sufficiency of disclosure of the appellant's specification, that "....it is the nature of the disclosure 
rather than the number of examples given which determines the sufficiency of the disclosure...." 
In re Cavallito and Gray , supra 127 USPQ 208. 

With respect to the Examiner's allegation that the instant specification is not enabling 
based on the amount of direction or guidance provided, Applicants submit that they have 
provided the structure of a representative compound used to inhibit VEGF activity and detailed 
the assays used to measure the inhibitory effects of said compound. Pharmaceutical 
formulations, routes of administrations, composition/formulation and effective dosage have been 
described on pages 19-25 of the corresponding published PCT application, WO00/27414. 
Applicants have clearly enabled others to use the instant invention. 

Based on the foregoing, the rejection of claims 12 and 19 under 35 U.S.C.§1 12, first 
paragraph is obviated and should be withdrawn. 

In the instant Office Action, claims 1-13, 15-25 and 27-29 are rejected under 35 U.S.C. 
§112, second paragraph as allegedly being indefinite for failing to point out and distinctly claim 
the subject matter which Applicants regard as the invention. Claims 2-13 and 15 depend upon 
claim 1 and claims 17-25 and 27-29 depend upon claim 16. The Examiner has pointed out that 
amending claims 1 and 16 to include the term "therapeutically effective amount of a" before the 
word "compound" will overcome the rejections of claims 2-10, 12-13, 15, 17-25 and 27-29. 
Applicants have amended claims 1 and 16 to include the phrase suggested by the Examiner. 

In the instant Office Action, claims 1-13, 15-25 and 27-29 are objected to as being 
directed to an Improper Markush Group since antibodies, peptides, ribozymes and antisense 
polynucleotides are not part of the invention presently under prosecution as a result of the 
restriction requirement. Applicants have amended claims 11 and 18 by deleting references to 
peptides and antibodies as suggested by the Examiner to overcome this objection. Therefore, the 
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objection to claims 1-13, 15-25 and 27-29 as being directed to an Improper Markush Group 
should be withdrawn. 

Claims 11 and 18 are rejected as allegedly being directed to using peptides and antibodies 
as compounds and that peptides and antibodies are not compounds. Applicants respectfully point 
out that anything can be a compound and that on page 10, line 10 and line 27 compounds having 
the requisite KDR tyrosine kinase inhibition property are defined as antibodies, peptides and 
organic molecules. Nonwithstanding the foregoing, Claims 11 and 18 have been amended in 
response to the foregoing Improper Markush Group objection to remove references to peptides 
and antibodies. Therefore, the rejection to claims 1-13, 15-25 and 27-29 under 35 U.S. C. §112, 
second paragraph is obviated and should be withdrawn. 

Applicants gratefully acknowledge the Examiner's indication of allowable subject matter 
that the instant method of inhibiting vascular hyperpermeability by administering the instant 
pyrazole compound is allowable over the prior art since it is neither disclosed nor obvious over 
the prior art (Habeck, U.S. Patent No. 3,932,430), because the prior art discloses substituted 
naphtho pyrazoles as anti-fertility and antihypertensive agents but there is no teaching or 
suggestion for using these compounds to treat vascular hyperpermeability. 

Based upon the foregoing, Applicants believe that claims 1-13, 15-25 and 27-29 are in 
condition for allowance. Prompt and favorable action is earnestly solicited. 

If the Examiner believes that a telephone conference would advance the condition of the 
instant application for allowance, Applicants invite the Examiner to call Applicants' agent at the 
number noted below. 



Respectfully submitted, 



Date: tJdVCfabcr /& ZCOTs 




Gayle B. O'Brien 
Agent for Applicants 
Reg. No. 48,812 



Abbott Bioresearch Center, Inc. 
100 Research Drive 
Worcester, MA 01605 



(508) 688-8053 



Application No.: 09/831 ,859 -9" 
Art Unit: 1625 

APPENDIX A 

VERSION WITH MARKINGS TO SHOW CHANGES MADE 

I. (Amended) A method of inhibiting vascular hyperpermeability in an individual comprising the 

step of administering to said individual a therapeutically effective amount of a compound that 
inhibits the cellular signaling function of KDR. 

II. (Amended) The method of Claim 10 wherein said compound is [selected from the group 
consisting of peptides, antibodies and] an organic molecule[s,] wherein said compound binds 
to said KDR tyrosine kinase. 

16. (Amended) A method of inhibiting a physiological process or state in an individual, said 
physiological process or state selected from the group consisting of edema formation, 
diapedesis, extravasation, effusion, exudation, ascites formation, matrix deposition and 
vascular hypotension, wherein said inhibiting comprises the administration of a 
therapeutically effective amount of a compound that inhibits the cellular signaling function of 
KDR. 



18. (Amended) The method of Claim 17 wherein said compound is [selected from the group 
consisting of peptides, antibodies and] an organic molecule[s] wherein said compound binds 
to said KDR tyrosine kinase. 
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APPENDK B 



ABSTRACT 



Vascular hyperpermeability in individuals is a prelude to a number of physiological events that 
are often deleterious. Among these events is the formation of edema, diapedesis, aberrant trans- 
endothelial exchange, extravasation exudation and effusion, matrix deposition (often with 
abnormal stromal proliferation) and vascular hypotension. Vascular hyperpermeability and the 
subsequent events can be inhibited by the administration of a compound that inhibits the enzyme 
activity of the VEGF tyrosine kinase receptor known as KDR tyrosine kinase. Preferred 
administered compounds selectively inhibit the function of KDR tyrosine kinase but do not block 
the activity of Flt-1 tyrosine kinase which is another VEGF tyrosine kinase receptor. 



» - hrom: CaSIt I o: J H JAIXSUN SfSfSa ltm»: 12:4626 Hcge z ol 

" * * Exhibit 1 

Clin Chem Lab Med 1998; 36(61:379-383 O 1998 by Walter de Gruyter - Berlin . New Yortc 




Strongly Enhanced Serum Levels of Vascular Endothelial Growth 
/ Factor (VEGF) after Polytrauma and Burn 



Sibylla Grad 1 , Wolfgang Ertei J . Marina KeeP, Manfred 
Infenger 3 , Dieter J. Vonderschmrtt 1 and Friedrich 
E. Maly 1 

1 Institut fur Klinische Chemie. Universitatsspital. Zurich. 
Switzerland 

1 KEinik fur Unfallchirurgie, Department Chirurgie, 
Universilabspitdl, Zurit:h, Switzerland 
3 Klinik fur Wiadarherstellungschirurgie. Department 
Chirurgie, Univercitatsspital, Zurich, Swi&crlond 

Angiogenesis is a key component of the repair mecha- 
nisms triggered by tissue Injury. Vascular endothelial 
growth factor I VEGF] is an important mediator of angio- 
genesis. ash acts directly and specifically on endothelial 
cells. VEGF produced locally in regenerating tissue may 
spill over Into the systemic circulation, and measuring 
levels of circulating VEGF may allow monitoring of an- 
giogenesis. To determine whether circulating VEGF is 
increased after severe injury, we measured concentra- 
tions of VEGF in serial serum samples of 23 mechanical 
burn patients, 55 patients with multiple trauma and 56 
healthy normal controls, using a newly established EL- 
ISA assay. In burn patients, serum VEGF was increased 
on day 1 (369.4 x 88.0 pg/ml| and on day 3 (452.0 t 
65.3 pg/ml), reached highest levels on day 14 (1809.5 x 
239.7 pg/ml) and was still elevated on day 21 post-burn 
(1339.8 x 208.7 pg/ml) (mean t SEM, p<0.01), when 
compared with healthy controls (82.2 ± 10.8 pg/ml 
(mean * SEM)). Likewise, in trauma patients, serum 
VEGF showed a trend towards elevated values on the 
day of admission (188.9 ± 43.9 pg/ml) and on day 3 after 
injury (193 2 • 62.1 pg/ml). Thereafter, serum VEGF In- 
creased further (day 7, 507.0 ±114.7 pg/ml), peaked on 
day 14 (742.4 ± 151.8 pg/ml) and was still elevated on 
day 71 after injury (693.1 * 218.8 pg/ml (mean ± SEM. 
p<0.0U). No significant correlation was observed 
between peak serum VEGF and Initial severity of me- 
chanical (Injury Severity Score) or burn Injury (percent- 
age of body surface burned). However, in both burn and 
trauma patients, the subgroup of patients with uncom- 
plicated heating showed significantly higher Increases 
of serum VEGF than the subgroup who developed sev- 
ere complications during the post-traumatic course, 
such as sepsis, adult respiratory distress syndrome or 
multiple organ failure (p<0.06). Thus, markedly en- 
hanced levels of serum VEGF are present one to three 
weeks after trauma or burn Injury. Further, occurrence 
of severe complications during the post-traumatic pe- 
riod Is associated with lesser increases of serum VEGF. 

Key words: Multiple trauma; Burn injury; Complica- 
tions; Angiogenesis factor; Vascular endothelial 
growth factor (VEGF). 



Introduction 

tissue injury by trauma or burn injury activates repair 
mechanisms, including inflammation, cell migration 
and proliferation, synthesis and remodeling of extra- 
cellular matrix, and angiogenesis (1,2). Angiogenesis 
in particular is regulated by a number of peptide 
growth factors (3 - 5), among which vascular endothe- 
lial growth factor (VEGF), a secretory disulphide-linked 
dimeric glycoprotein with structural homology to 
platelet-derived growth factor (6 - 8), is special in that it 
interacts directly with endothelial cells. VEGF is a po- 
tent mitogen for endothelial cells in vitro and in vivo 
end exerts its action by way of two class III receptor ty- 
rosine kinases, flt-1 and KDR (9). 

Animal and in vitro studies suggest that VEGF plays 
an important role in wound heating and tissue repair: 
markedly up-regulated VEGF expression has been 
found in. the activated keratinocytes involved in wound 
healing (10). Different cytokines that are present at the 
wound site during the healing process have been 
shown to induce VEGF expression, and wound healing 
defects of diabetic db/db mice are associated with im- 
paired VEGF-expression (11,12). Further, insulin-like 
growth factor- l-induced VEGF in osteoblasts may be 
essential for remodeling of bone in a heating fracture 
(13). 

Given the importance of angiogenesis in the healing 
of wounds, a means to monitor angiogenesis non-inva- 
sively would be desirable to follow the heating process 
in injured patients. VCGI" has so far been regarded as a 
locally acting autocrine factor, but several recent stud- 
ies have documented that it is also detectable in serum, 
most likely due to a spill-over from its site of produc- 
tion. Therefore, we investigated the levels and kinetics 
of VCGT in the circulation of otherwise healthy burn 
and trauma patients. A sandwich-type ELISA based on 
a capture monoclonal antibody to VEGF and a polyclo- 
nal antibody to VEGF was set up and used for these 
studies. 



Materials and Methods 

Setvm samp/es 

Sftrnm samples were obtained from healthy Individuals and 
patients after informed consent. Fifty -five patients with me- 
chanical trauma (36 males, 19 females, age 40.0 j. 1.9 Years 
(means ± SEM, range 21-75 years} were entered into this 
study. Injury Severity Score (ISS) ranged from 10 to 75 points 
(31.4 x 2.1 points). Blood was collected on admission and on 
days 3. 7. 14, and 21 after injury. In addition, 23 bum patients 
(13 males, 5 females, age 42.7 ± 3.1 years, range 18-72 years) 
were studied. Burn surfacn area rnngp.d from 10.5 to 71.5 % 
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(46.7 * 4.6 %). 8lood w;is i:ullcctcd on days 1, 3. 7, H, and 21 
post-burn. Both patient groups were categorized into two sub- 
groups depending on the post rmu matin course. In si i tig rn up 

(a) , all patients were included who developed any type of se- 
vere complication, i.e. sepsis, adult respiratory distress syn 
drome (ARDS), or multiple organ dysfunction syndrome 
(MODS) during the observation period of 21 days. Subgroup 

(b) consisted of patients without these complications. Twenty- 
five of bb trauma patients and 10 or 23 burn patients were as- 
signed rn grmip (a), 3fl iwima and 13 burn patients to group 
{b}. nfty-six healthy volunteers (30 males, 26 females, age 
36.6 1 1.7 years, range 19 61 years) provided blood for use as 
controls. After collection, blood samples were allowed to dot 
and ware serrated by centrtfugatlon 2800 pat 4 *C. Serum al- 
iquors were stored at -70 X until used for assay. 

Cell lines 

Human hepatoma cell lines HopG2 and Hcp39 were obtained 
from American Type Culturo Collection (ATCO {Manassas, VA, 
USA) and were cuttu red in Dulbecco's MudiftHii Eagle Me 
dium fDMEM), supplemented with 4.5 g/1 glucose and 10% 
foetal calf serum. To induce VEGF synthesis, thoy wore cul 
tured for 18 hours in an atmosphere of 1 % 0 2 . Su pern slants 
were harvested, centrifuged. atiquotted and stured at -70 *C 
until use. 

VEGF ttiHHsuramp.nt using Fl ISA 
Reagents and antibodies 

Recombinant human VEGF (rhVEGF) was purchased from 
Cytlmmune Sciences Ine. (College Park, MD, USA), (he 
mouse inonuclunal antibody to human VFGF was from R&D 
Systems (Minneapolis, MN, USA), the rabbit polyclonal anti- 
body to human VbGF from Pepro Tech Inc. (Rocky Hill, NJ, 
USA), and horseradish peroxidase-labeled goat anti rabbit im- 
munoglobulins (G*U from Biusuurce Internarinnal (Oama- 
rillo, CA, USA). Tetramethylbenziriine fTMB) peroxidase El A 
substrate system was obtained from Bio-Rad Laboratories 
(Hercules, CA, USA). Assay buffer contained phosphate-buf- 
fered saline pH 7.4, with 0.05% Tween 20 and 0.5% utjviiu: 
serum albumin, and the washing solution contained phos- 
phate-buffered saline with 0X5% Tween 20. 

Assay procedure 

Wells of 96-well mii:rotitre plates (Costar Corporation, Cam- 
bridge. MA. USAJ were coated with 50 ml of a 2.5 mg/ml solu- 
tion of mouse monoclonal anti rhVEGF antibody in 50 mmo!/l 
carbonate buffer, pH 9.4. The plates were sealed and incu- 
bated at room temperature fur two hours. After washing three 
times, wells were blocked by incubation with 250 ul of assay 
buffer at 4 U C overnight. Following throe washes, standard 
and samples were added in duplicates at 100 ul/welL A stan- 
dard titration curve was obtained from a sarial dilution nf 
rhVEGF in foetol calf serum, concentrations ranging from 
16.6 pg/ml to 1000 pg/ml. Samples containing more than 
1000 pg/ml of VFGF were diluted 1:5 in foetal calf serum. The 
plates were sealed and incubated at loom temperature fur 
two hours. After washing four times, 50 ul of a 4 ug/ml solu- 
tion of rabbit polyclonal anti-rhVEGF antibody in assay buffer 
was added to each well. Plains were sealed, incubated at room 
temperature for one Hour and washed again four Limes. A 
1:5000 dilution of horseradish peroxidase-labeled goat enti- 
rabbit immunoglobulins in assay buffer was dispensed at 
50 u l/well, the plates were seated and Incubated at room tem- 
perature for one hour. Following six further washes. 100 ul of 
TMB peroxidase EIA substrain was added to each well. After 



10 min incubation at room temperature, the eniyme reaction 
was stopped by adding 100 pi of 0.18 mo 1/1 sulphuric acid per 
well. Absorbs nee values were read at 450 nm (reference at 
620 nm) on an EUSA plate reader (Aiithus Lahter. Inst ru mams, 
Salzburg, Austria). Four-parameter logistic curve-fitting was 
used to calculate the results. 

Statistical analysis 

For comparisons between groups the Mann-Whitney U test 
wos used. p<0.05 was chosen as the level of significance. Un- 
less otherwicc stated mean values i SEM arc given through- 
out. 



Results 

Performance chsrscteristics of the VEGF-EUSA 

A typical standard curve of the EUSA for recombinant 
human VEGF is shown in Figure 1. With rhVEGF stan 
dards ranging from 15.6 pg/ml to 1000 pg/mf, the de 
tection limit, defined as the concentration correspond- 
ing to the mean OD at 0 pg/ml of rhVEGF plus 2 SD 
was estimated from 20 determinations to be 
10.0 pg/ml. For assessment of imprecision, reprodu- 
cibility and linearity, we used VEGF-containing culture 
supernatants of the human hepatoma cell lines HepG2 
and Hep3B that had been stimulated by exposure to 
hypoxia (1 % 0 2 ). Intra-assay coefficients of variation 
(CV> were calculated on the VEGF concentrations of 
four different samples, these having been measured 
20 times during the same experiment. Inter-assay CVs 
were calculated from the VEGF values of three differ- 
ent samples measured 12 times in 12 different assays. 
Intra- and inter-assay CVs were thus determined as 
3.4% to 6.4% and 7.3% to 15.5%, respectively. To hs- 
sess linearity, culture supernatants of Hep3B cells 
were diluted 1:10. 1:20. and 1:40. Ranges of the ex- 
pected values were between 89.6% and 105.3%, 94.7 % 
and 115.2%. and 90.5% and 124.7%, lespectively. Re- 
covery was assessed by the addition of 50 pg/ml and 
250 pg/ml of rhVEGF to six serum samples. Tim recov- 
ery rates were between 88.0% and 119.1% and 
between 85.9% and 111 .5 %, respectively. 




0 1 10 100 1000 

VE3F (Wnti) 

Fig. 1 Standaid uuive uf lecumbinam human VFGF in foetal 
calf serum using a sandwich EUSA. Each point represents 
mean ± SO of n=6 measurements. 
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VEGF serum /eve/s in healthy individuals, hum and 
polytrauma patients 

In healthy controls, serum VEGF varied from undetect- 
able to 338.6 pg/ml (82.2 * 10.8 pg/ml, n-56). In burn 
patients, VEGF concentration was significantly ele- 
vated on day 1 (369.4 ± 88,0 pg/ml) and on day 3 (452.0 
t 65.3 pg/ml) post-burn compared with the control 
group. Serum VEGF further increased on day 7 (1 125.5 
± ibb.y pg/ml), reached its highest level on day 14 
(1809.5 ± 239.7 pg/ml) and was still elevated on day 21 
post-burn (1339.8 ± 208.7 pg/ml) (n-23, p<0.01 J (Fig. 2). 



I 




Fig. 2 Concentration of VEGF (pg/ml) in serum of 23 burn pa- 
tients on days 1, 3*7, 14, and 21 post-burn In comparison with 
56 healthy controls. Values represent mean x SfcM. *p< 0.001 
compared to controls (C). 

There was no significant correlation between peak 
serum VEGF levels and extent of burn injury (% burned 
body surface, data not shown). When burn patients 
were divided into patients with complications, i.e. sep- 
sis, ARDS or MOOS during the post-traumatic course 
(subgroup a) and compared with patients that experi- 
enced no such complications (subgroup b), generally 
lower circulating VEGF was detected in the group with 
complications (Fig. 3). Statistically significant differ- 
ences in serum VEGF between subgroups (a) and (b) of 




Oay after injury 

Fig. 3 Concentration of VEGF (pg/ml) in serum of hum pa- 
tients on days 1, 3, 7, .14, and 21 post burn. Group {a) of 10 pa 
ticnts with complications [■) in comparison with group it) of 
13 patients without mmpt tear ions ( I). Values represent mean 
* SEM. "p-cO.OS group (a) vs. group (b). 



bum patienls were found on day 7 (712.2 ♦ 175.8 pg/ml. 
group (a). 1443.4 <; 206.5 pg/ml, group (h)), on day 14 
(1174.1 r 247.1 pg/ml r group (a). 2387.2 ^ 315.1 pg/ml, 
group (b)), and on day 21 (983.6 * 252.9 pg/ml, yruup 
(a), 1901.5 * 138.7 py/ml, group (b)| (pcO.OS. group (a) 
n=10, gmup (h) n=l3). 

In trauma patients, seium VEGF concentrations were 
186.9 t 43.9 py/ritl on Uik tJny of admission himI 193.2 + 
62.1 py/ml on day 3 aftnr injury (hnlrt not staliKhr.alty 
differeni from the control group). However, in these pa- 
tients serum VEGF concentrations rose markedly dur- 
ing furllmr posl-lrriuiriHlii: course of these palienls: On 
day 7 r VEGF levels were significantly increased (507.0 ♦ 
114.7 pg/rril) compared to the control group and also 
compared to the levels on day of admission. The high- 
est VEGF concentrations were reached on day 1 4 (742.4 
+ 151.8 pcj/ml), and Ihey were slill elevated on day 21 
after injury (693.1 ± 218.6 pg/ml) (n=55. p<0.01) (Fig. 4). 
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Fig. 4 Concentration of VEGF (pg/ml) in serum of 55 potients 
with mechanical trauma on the day of admission (day 0) and 
on days 3, 7, 14, and 21 after injury in comparison with 56 
healthy controls (C). Values represent mean ± SEM. *p<U00l 
trauma compared to control. 
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Fig. 5 Concentration of VEGF (pg/ml) in serum of patients 
with mechanics) trauma on the day of admission (day 0) end 
on days 3, /, 14, and 21 after injury. Group (a}, 2b patients with 
com pi tear inns (■) in comparison with group (h). 30 parents 
without complications (f~). Values represent mean r SEM. 
*p<0.05 group (a) vs. group (b). 

Again, no correlation was observed between peak 
serum VEGF levels and severity of injury, assessed us* 
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ing the 155 (data not shown}. When trauma patients 
were divided into patients with complications, such as 
sepsis. ARDS or MOPS during the post-traumatic 
course {subgroup a) and compared with patients with 
no such complications (subgroup b), generally tower 
circulating VEGF was again detected in the group with 
complications {Fig. 5). Differences between subgroups 
(0) and (b) of trauma patients were statistically signifi- 
cant on days 7 and 14 after injury (p<0.05): on day 7. 
286.7 t 84.0 pg/ml VEGF in group (a), vs. 689.0 ± 
191.4 pg/ml in group (b), and on day 14, 365.1 2 
64.6 pg/ml in group (a), vs. 1021.9 1 405.6 pg/ml in 
group (b) (group (a) n-25, group (b) n=30). 



Discussion 

In this study, we demonstrate the presence of elevated 
levels of VEGF in sera from patients recovering from 
mechanical trauma or bum injury, compared with a 
control group of 56 healthy subjects. In these individu- 
als, our ELISA yielded a mean serum VEGF concentra 
tion of 82.2 pg/ml, consistent with previous reports of 
other authors (H-1 SI 

Peak VEGF serum concentrations did not correlate 
with either injury severity as quantified by ISS in case 
of multiple trauma patients, or the percentage of body 
surface burned in case of burn patients. Hence, the ex- 
tent of the initial injury appears quantitatively unre- 
lated to the serum VEGF response. Rather, the serum 
VEG F response exhibits the character of a general reac- 
tion of the body to burn or physical trauma, similar to 
neuroendocrine stress responses such as orientation 
response and catecholamine release (17). albeit with a 
significantly prolonged timeseale. 

Mechanical trauma and burn injury cause tissue 
damage. Since the ensuing processes of wound heal- 
ing and tissue repair necessitate neovascularization 
(1,2) and as VEGF is an important mediator of angio 
genesis, we had expected to find elevated serum VEGF 
in patients with severe trauma or burn injury. However, 
the intensity of the response was unexpected. Both we 
and other authors have earlier documented higher 
than normal concentrations of serum VEGF in cancer 
patients (14,16), inflammatory bowel disease (18) and 
particularly high values in the POEM syndrome, a rare 
form of plasma-cell dyscrasia with polyneuropathy, or- 
ganomegaly, endocrinopathy. M proteinaemia and 
skin changes (15). The present study expands the spec- 
trum of disease states in which increased angiogenesis 
and increased serum levels of VEGF occur. The peak 
concentrations of VEGF found in polytrauma and hum 
. patients are in the ng/ml-range and extend into the 
range of the VEGF concentrations described in patimiis 
suffering from the POEM syndrome. The time course ol 
the serum VEGF response turned out to he unusual. 
Whereas basic fibroblast growth factor (hFGF), anolliei 
important angiogenesis factor, appears early in the 
burn or post-surgical wound (19,20), serum VEGF lev- 
els were highest in the late phase of the response to in- 
jury, i.e. during the second and third week of the wound 



healing process. Interestingly, in experimental models 
of matrix-induced endochondral ossification, vascular 
invasion is an essential step in osteogenesis, and usu- 
ally occurs on about day 9 and may be dependent on 
neovascular growth factors like VEGF (21). In addition, 
blood flow at fracture sites has been shown to reach a 
peak level at approximately 14 days after fracture (22). 
Also, others have demonstrated in an animal model af- 
ter tibial osteotomy a serum activity designated endo- 
thelial cell stimulating angiogenesis factor (ESAF) with 
a prolonged time course similar to the serum VEGF re- 
sponse we describe here (23). The possible relation- 
ship between this low molecular weight factor and 
VEGF remains to be investigated. Further, the cellular 
source(s) of VEGF in trauma and burn patients remain 
to be identified, though a *spi)l-over" of VEGF from 
sites of angiogenesis into the general circulation would 
seem a probable explanation. In view of the fact that 
many cell types of different tissue origin, such as kerat- 
inocytes, osteoblasts, lymphocytes, neutrophils or car- 
diac muscle cells, are able to generate VEGF in vivo or 
in vitro, it is likely that several tissues and cell types 
participate in the VEGF response to trauma or hums. 

Surprisingly, a stronger increase in serum VEGF was 
observed in patients with unimpaired healing, whereas 
the VEGF increase was reduced or delayed in the sub 
groups of burn and trauma patients in whom serious 
complications - sepsis, adult respiratory distress syn- 
drome (ARDS). or multiple organ dysfunction syn- 
drome (MODS) - developed. A dampened serum VEGF 
response may reflect a state of compromised angio- 
genesis that predisposes to complications, or cnulil 
merely be a consequence of a developing complica- 
tion. Further studies are needed to address the cause- 
and-effect relationship between Lhe semm VEGF re- 
sponse and the occurrence of serious rornplir.ations 
after multiple trauma or hum injury. 
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Abstract 

Controlled ovarian hyperstimul&tion with gonadotropins is 
Mowed by Ovarian Hypeistfmularion Syndrome (OHSS) 
in same women. An unidentified capillary permeability fac- 
tor (torn the ovary Has been implicated, and vascular endo- 
thelial cell growth/permeability factor (VEGF) is a candidate 
protein. Follicular fluids (FF) from 80 women who received 
hormonal induction for infertility were studied. FFs were 
grouped according to oocyte production, from group 1 (0-7 
oocytes) through group IV (23-31 oocytes). Croup IV was 
comprised of four women with the most severe symptoms of 
OHSS. Endothelial cell (EC) permeability induced by the 
individual FF was highly correlated to oocytes produced = 
0.73, P < 0.001). Group IV FT stimulated a 63 ±4% greater, 
permeability than FF from group T patients (P < Ml), rc- 
rcrecd 9%% by ami- VEGF antibody. Gioup IV fluids con- 
tained the VF.nFlf»5 wftfnnn anri significantly greater con- 
ceiiuarioiiy of VEGF as compared with group I (1,105=87 
pg/ml vs. 353=28 pg/ml, P < 0.05). Significant cytoskeletal 
rearrangement of F-acrJn Into stress fibers and a destruction 
of ZCM tight junction protein alignment was caused by 
group IV FF, mediated In pan r>y nitric oxide. These mech- 
anisms, which lead to increased EC permeability, were re- 
versed by the VEGF antibody. Our results indicate that 
VEGF is the FF factor responsible for increased vascular 
permeability, thereby contributing to the pathogenesis of 
OHSS. (J. Oin. Inivsr. 1998. 102:1973 1935.) Key words; 
estrogen • vascular permeability * infertility • controlled 
ovarian hyperstimulation 

Introduction 

The Ovarian Hypcisiiiiiuiatiou Symhuiuc (OHSS) 1 is Uie col- 
lection of clinical findings rhar nmir as rh« mmr v.rions com- 
plicatiou j esuluug (torn the use of gouadutrupius (or ovulation 
induction (1). Although the mechanisms that lead to the deveU 
vpmcm of the syndrome are not clearly understood, two major 
syndrome components are ovarian enlargement and increased 
vascular permeability. Increased vascular permeability leads to 
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extravasation of protein rich fluid out of the intravascular 
space, and this can account tor virtually all the manifestations 
of the syndrome. The signs include the accumulation of perito- 
neal (and rarely pleural or pericardial) fluid, edema, and hypo- 
volemia, leading to anuria or hypotension in the most severe 
form (1-3). It has been postulated that a vasoactive snhKfanr.fi 
is released from the 0**17 1(1 1 espouse to uoiiuuxial stimulation 
and causes increased vascular pftrm*abiliry (?-4) Ovarian foU 
liculai fluid (FF) obtained bum patients at risk for developing 
OHSS cignificanrly augments in vitro permeability of endothe- 
lialccll3(ECs)(J). 

The substance responsible for inducing the manifestations 
of this syndrome has not been conclusively identified. One 
candidate as the responsible factor is vascular endothelial cell 
growth factor (VEGF)- This glycoprotein was originally isolated 
as a vascular permeability factor (6) because it potently stimu 
latcs fluid transgression thiough EC tislu junctions (7. o). VEfJF 
also is a mitogen for ECo (9), contributing to neovaaculoriza- 
tion in trie ischemic diabetic retina (10) or tumor metastasis 
(1 1. 12). VEGF is secreted by a variety of ccfb and binds to sev- 
eral transmembrane receptors expressed on ECs. most impor- 
tantly Fit and KDR (or VEGFR-1 and -2) (13. 14). This growth/ 
permeability factor is produced by normal and neoplastic hu- 
man ovaries (15), including ovarian granulosa cells fioui 
women undergoing stimulation for in vitro fcrrili7*rion (16). 

In this study, wc sought to identity VEGF as die factor con- 
tained in the FTF from wom*n undergoing hormonally induced 
oocyte pi'oducriou dial induces EC permeability. We also 
characfenzrrf the. cyrosV<>Ural changes induced by the FF to 
pi 0 vide a mechanistic basis for the increased EC permeability, 
which leads to the clinical manifestations of this syndrome. 

Methods 

£uty*ctt. 80 female patience between tho ages of 20 and 41 wore stud- 
ied; trtcy were not receiving hormonal medications other Ulan as pre- 
scribed hy its for ovulatory rndnrrinn All gav* informed consent to 
procurement end experimental use of dteu FF, aa pci iue piuiuwt 
approved by the Institutional Review Board of the Long Beach Me* 

mortal Medical Center. Ucing an unused aspiration cannula, Aach FF 
~» uOtained while a patient underwent transvaginal aspiration of 
follicles for in vitro fertilization. FF was obtained after horreonn ad. 
mint; 1 ration to stimulate oocyte production; the protocol included 
luteal phase administration of leuprohde acetate. 1 mg/day. followed 



The Journal of Clinical Investigation 

Volume 107. Nurnher 1 1. December 1W. 107fUt 9AS 

http://www.jci.0f5 



I. Abbreviation* used u$ this paper B A£C» bovine aortic endothelial 

cell; DFOr. oastc nt) rot) last growth factor 4pm. aisimcgrauons per 
minute: EC endothelial cell: FT-1 , human AndArh*.ltn-l; FF. follicular 
fluid: CC granulosa cclU; hCG. human choriouk. &Ou*duUupilc 
rthSri human toUictc-snmulatins horrnoae: L-NMMA. monomethyl 
1 .arginine: NO. nitric oxide: OHSS. Ovarian HypeotimuUnon Syn- 
drome, VEGF, »K>cu!&r endothelial cell growth factor. 
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by daily administration or* 150— <50 (U of human fc^lictc— stimulating 
norma ne (hKSH). based upon the women's age and past response his- 
tory when applicable. Human chorionic gonadotropin (hCG), 10.000 

IU. was administered 3*-3d* h before aspiration, and ovulation Induc- 
tion was monitored with vaginal ultrasound. The obtained fluid wx 
not bloody, w U not diluted, and w« briefly cenmfuged At low speed 
to remove debris or alls before freezing at -7(TC for subsequent as- 
say? wiihm 1-2 mo. Fluids wera subsequently grouped according to 
me number of oocytes retrieved: (group 1. 0-7 oocytes: group II, 
&-U; group HI, and group IV. Patients underwent roil, 

tine monitoring for signs of the development of OUSS. 

Patients in groups 1 and II were asymptomatic for OHS& in con- 
trast, two patients in group III complained of significant "bloating 
and edema of thctr extremities." but tnts was not clinically apparent. 
Two additional patients in group III were noted on physical examina- 
tion to have mild edema of their lower extremities but no evidence of 

ascites; their r*s induced the highest permeabilites in their group 
(tee below). The edema responded to discontinuation of further hor- 
iuuiioI utducuon and dietary salt reauicuon. TUc foui paucuis thai 
comprised group IV were the most symptomatic developing moder- 
ately severe lower extremity edema in all and significant ascites in 
two patients. These patients were treated with discontinuation or hor- 
monal induction and diuretics. All symptoms and signs resolved 
within •* U. 

FF processing Purification of FF for use in Western immunoblot 
and RlA was accomplished by affi-gcl blue column, then desalting 
column elution, followed by dialysis against 20 mM PBS for i'l ru Trie 
resulting samples were concentrated fivefold by tyophilkation. then 
iccotiMuutcU in water (iuiuiunvbloi) ot RlA buffet. Sewuto foi 
immunoblot were pooled from four random patients in each group, 
except group IV (oil samples used). 

EC permeability assay. Bovine aortic ECs were isolated as previ- 
ously nVscrihftrl (17) RAF.r formed a monolayer that displayed the 
typical EC cobblestone appearance and contact inhibition and uni- 
formly tested positive for factor VHf-relatcd antigen. Primary cul- 
tures of bovine aortic endothelial calls (BAEC), cultured in DMEM 
with 10% FB5. were seeded onto 0.45-uX CM niters (MiHtpore. 
Bedford. M A) coared with rat tail collagen and contained within plas- 
tic inserts: the inserts were placed into 2-s-wcll platc3 and e/own to 
confluence over ^ 5 d. I d after contluence, chambers were created 
by placing medium inside the inner insert and the outer wells, with 
the endothelial cell monolayer on the insert filter (13), Tire cell* »eie 
washed and then subjected to FF incubation at 37°C in a CO; incuba- 
tor for 24 h. FF was added to both aspects of the chamber, in unequal 
volumes, as explained below. After 24 n, all medium was aspirated 
»nd Hiv-pMrri To thr. spiral tiirfaoft (in«rf containing the ceils on ft!-, 
tci ) was dicu added an experimental sample, containing 395 i±l of IT, 
4 ul of 100 mM raanmtol. and I ui of hP-mannitol (I x \if cpm). To 
the basolateral surface of the chamber {outer well). 600 pi of FF was 

added. These specific volumes equalized fluid ncights in tne two 
riumhftfs. <o rhar only diffusive forces would be involved in perme- 
ability of the DAEG Similar equalization occurred during the 24 h 

oreceding the incubation period After 2 h at jrc in the incubator, 
flux rare was determined over 24 h by measuring the amount of H 3 - 
mannttot pertneatlng to tne basolatcral compartment. This was deter- 
mined by counting disintegrations per minute (dpm) in the aspirated 
well fluid by using a p-countcr. In some studies. *c coadded an (i bod 
ies that oind to either human endotnelin-l (ET-t; Peninsula Labs, 
B*Imom. CA), VEGF, or b*w Fbn>hUci omwth f*ant (hFfiF; 
Saiiu Citu. Biotccluiologjf, Sauta Ci*uz. CA). In other experiments, 
exogenous VEGF (Upstate Biotechnology, take Placid, NY) was 
added to EC cultures or the nitric oxide (MO) synthase inhibitor, 
monomeihyi L-arglninc (10 nM l-NMMa; Calfiiochcm. San Diego, 
CA) .10 min before the addition of FF. DMEM culture media alone 
(no scrum or added peptides) wu tucd for control permeability as- 
sessments. 

& n file's n*~*uri on tiny V£GF immnm>rft*rriviry w»* nv.xnrr.r1 hy » 
double antibody, noncquilibrium as&a/ carried out over 46 h. VEGF 



*a» ledioUbclcd Lu a >pcdfie acliMiy of *^ I. 000 Ci/mmol by the io- 
dogen method (1°. 20). There was no cross*reaaivity of the first ami. 
body used in the assay with other peptides, including ET-1, aerial 

natriuretic peptide, angiotensin It, or bFGF, Tne sensitivity of the as- 
«y wi% 10 pg p" r ,n ** fc ln *" ' nfr ?- »nd tnterassay coefficient* of 
*4ii*>livu »cic < 10%. EAliaUtuti efficiency of tlie VEOF in FP was 
79.6-86% across all samples, and the values were accordingly cor* 
rectod. 

Western unmuAooiot. Follicular Uuid (3 ml) rrom each of four 
randomly vtWted pa dents in each of the groups (except IV) were 
processed, iudi*idi*il); icwtttUiuicd, attd aliquot* from each sample 
(20 uJ) were pooled after rcconstitutton. Samples were processed as 
described above. Before separation by gel electrophoresis, the sam- 
ples were not adjusted for protein because tne permeability determi- 
nation* on rhesrt onw» jumpliK wnm *ko no* *dji»*ted for protein con* 
tent, mamtaining consistency. 

Immunopredpitation was performed on 100 ui of pooled, recon- 
stituted samples from each group (20), by using a polyclonal VEGF 
antibody directed against the ftsi 22 amino acids of {^-terminal bo- 
vine VEGF. Immunopreeipitates were dissolved in SD$ .tamp!* 
buffer, boiled, separated, and then transferred to nitrocellulose. 
vfcUK protein was detected using the ECL Western blot kit (Amer* 
sham Lite Sciences, Arlington Height*. IL), the first antibody at 1:500 
dilution. Protein molecular weight markers and synthetic VEGF were 
run in parallel, bands were quantitated by laser densitometry, and the 
samples were used for a second, confirmatory immunoblot. 

Cytosteuton integrity. bCs were cultured to commence on glass 
coverslips. then incubated with exogenous VEGF (1 ng/ml) or FF 
ftom giuup 1 oi gioup rv palieitu foi 24 ti. In die piocucc or absence 
of VEGF antibody. The cells were fixed with 3.75% formalin, 
washed, then followed by cold acetone fixation and permeabtuaation, 

and then stained wiui blotln-XX phailoidln (Molecular Probes. Eu- 
gene. OR); this demonstrated act in fibers, which arc crucial to main* 
taining CC tight junctions (impermeability), In additional experi- 
ments, cells were pretrcated with l-NMMA for 30 min before the 

addition of group IV FF. 

ZO-1 protein was assessed by immunocytochemistry. ECs were 
grown to posiconfluenee. then fixed. permeabili2ed. and then stained 
with onli-ZO-1 antibody (Zymed Corp., Son Francisco, CA). Sec- 
ondary antibody conjugated to bioun was mcuoated. touowed oy the 
addition of FTTC-strepavidin for purposes of fluorescent microscopic 
*bualizaiiou of ZO-1 . 

Statistical analysis. Individual or pooled patient data from the 
permeability aeeays were compared by ANOVA plus Scbeffe's te?t. 
using the StatMew statistical program (P < 0.03 as significant). The 
same program was used to calculate correlation coefficients hy linear 
regression analysis for oocyte production and EC permeability. 
VEGF concentrations were similarly analyzed and are expressed as 

the mean xS EM. Western immunobtolS were compared by laser den- 
sitometry. 

Results 

Effects of follicular fluid on endothelial cell permeability. We 
tirst characterized our in vitro assay by its response to exogc- 
noualy added VEGF, Incubotion of the BA£C with VEGF, 1 
ng/ml. significantly stimulated transgression ot labeled manni- 
tol across the endothelial cell barrier by 4 h, and the mnv ' miim 
increase of 62% was seen at 24 h. compared with the basal per- 
meability (0 h), (basal permeability 6^06r63 cpm, 24~h per- 
meability 10.073r 81 cpm, n = 6 per condition. P < 0,05) (Ta- 
ble I). Permeability of the EC in the absence of VEGF 
increased by ~ 7% over the 24 h. and so the corrected increase 
in specific permeability at this time, induced by exogenous 
VEGF. was 55%. Increased permeability stimulated by VHGF 
at 24 h was 97% presented by coiuCubadou with a uiouucloiial 
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Tabic I Effects of Exogenous VEOFon Endothelial Ctll 
Pcrmtubiliiy In Vitro 

(dpm) 
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Time of cell incubation (h) 






0 


6206:63 


6096r4S 


: 


7133=131 


6138^70 


4 


7795x31* 


6321x86 


3 






24 


10073±81* 


6566±48 


v£OF uMiccnuaiiun (w^tnl) 






No pftpiMrt 


6114-1? 




0.1 


6191=36 




05 


71*0^ 




I 


KWS3S160* 




2 


11314=186- 





Data represent the comc-iaed results irom two experiments, each cone 
in triplicate (n = 6 observations per condition) and are the nwaaiSEM. 
-/» < 0.05 by ANOVA plus Scheme's Fhcm fur wnditiun 0 h ur v$. 
no VEGF peptide added to the cells. Hour 0 indicates the basal perme- 
obility of the endothelial eclb before the addition of V£GF. Bottom 
aata set represents trie penneatttines mauceo oy exogenous YfcGr* at 
74h. 



antibody to this growth lacior. diluted to 1;10U (aata not 
shown). In dosereiated fashion, VEGF caused q significant in 
crease in endothelial cell permeability. Increased permeability 
was first observed at a concentration of 0-5 ng/ml at 24 h, but a 
substantial increase of 71% was seen at 1 ng/ml of VEGF (Ta- 
bid). 

We then examined the permeabilities induced by the FF. 
The induced permeabilities positively correlated with the aum- 
ber of oocytes produced by ihe individual patients (Fig. 1 A) 
(condition ouefitueiil, r* - 0.71, P < 0.001). 15 of llic individ^ 
n*l patients overlapped and hence ar« nor V«pr«sp.ni«rf as dis- 
crete circles on ihe Ggure. Comparable correlation was seen 
when the patients were represented as group mean oocyte pro- 
duction (Fig. !£)(/* = 0.73, F < 0.001). TTic values for each 
group are shown in Table II Women who produced 15-22 oo. 
cytes had a mean permeability of 7,954 cpm. which was signify 
candy increased from group I by 30=3%, while group IV flu- 
ids (23-31 oocytes) induced a 63=4% increase in permeability 

(P < 0^01). The significantly increased permeability induced 

oy the FF from tne group i v panenrs correlated to tneir devel- 
opment of edema or ascites. Follicular fluids from women pro 
ducing 8-14 oocytes (group 11) produced a permeability mod* 
csdy ycatcr (14%) than group 1 fluid* (0-7 oocytes), and 

women in both groups were asymptomatic 

Idcruificaxion of V EC Fas the permeability factor. We then 

sought to determine the identity of the pcrmeabiliw factor in 
the FF, theorizing that VEGF was the best candidate based 
upon existing studies. We ooincubated the endothelial cells 
with pooled FF from group III or IV patients and an antibody 
that binds human VEGF. The VEGF antibody reversed the 
mean FF-stioiuiatcd pciuicabilitics (abo*c those of gioup I) 
by 95 and resrwirrwJy (T»M* IT) (P < CMS nompare.H 
with jXOuy III oi IV FF alvue). In cuuUasl. antibody u> human 
ET-1 or bFGF caused an insignificant reversal. These xpneifin- 
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Group 

Figure J (A) CnrrftbriAn rtf number of CC*yxe* retrieved from 
women after hormonal stimulation of the o*ai y lit « iuu endothe- 
lial cell permeability stimulated by their individual ovarian FF. Each 
circle represents the permeability to mannttol that transgresses on en 
dothcUal cell monolayer In culture at 24 ft, as described in Methods, 
as a function of the nnmher of nnryre* prrvhwftfl 1 FF ompl^ from 80 
women ~erc studied, but only 65 discrete circles arc shown because 
of overlapping values. (S) Group correlations for oocyte production 

and FF-induced permeability. Some patient values overlap and hence 
are nut shown as discrete circles. 



icy conrmU werts iw«rl rxroitsft F.T-1 *od bFGF have been 
identified to stimulate increased vascular permeability in some 
jrituafinn*. Similarly, nnn^perifir: human TgO amibody did not 
offed die &ioup IV-iuduced permeability (data nut shown).. 

The ability of VEGF to enact increased cell growth or 
other actions is felt to be mediated at least in pan by rite gener- 
ation of NO (21). To deteraune a possible role for MO in the 
action of FF, l-NMMa was added before FF or exogenous 
VEGF addition. The increased permeability stimulated by 
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Table II. Stimulation of in Vitro Endothelial Celt Permeability 
by follicular fluids and Reversed by VEGFAndbody 



Croue * 


Oocyte 
number 


FF FF*VEGF*b FF+ET-lab FF+bFCF*b 


C 






C008=20 — — — 


I 


n 


0-7 


6130^18 — — — 


II 


50 




6963-08* — — ~ 


in 


is 


IS-*?. 


TO^-h*. MVirSH 70TflriaV — 


IV 


4 


2>-3l 


10014Z294- 6252=45' 9546=06* 9731=77° 



Permeability data for each group are the meanr SEM. Tb* pirme ability 
Induced t>y tne FF from IndMaual patients reflected duplicate to vitro 
determinations for each patient's sample assessed at 24 h. n is the num- 
ber of individual patknu within ouch group. ■/» < 0.05 va. permeability 
induced by jjroup I FF. 1 f> < 0.05 for FT vs. h>* plus Vfc OF anubody. C 
control media (no FF): FF. follicular fluid: ah, antibody: ET-i, endow*. 
Uu-1; bFOF. baaic fibroblast growth factor. 
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r%u/c 2. Iuuuutioblot oC VEOF cvn coined widiia the FF of women 
undergoing ovarian stimulation by hormonal administration. Lanes 
ore exogenous VEGF (20<X 100. 50. and 25 pg) and pooled FF from 
groups IV (> oocytes). CL m<3 1, respectively, Molecular weight 
marVrfx mn in parallel during gtl separation ar* thown on the right 
side of the ftguie. 



group IV FF was reversed 52% by inhibition of NO synthase 
(Table III). Similarly, exogenous VEGF-etimulated perme- 
ability was reversed */% by this inhibitor of NO production. 

Detection and quantitation ofVECFin FF. We determined 
both qualitatively and quantitatively the vfcGF contained in 
the FFs. Know amounts of exogenous human VEGFloi were 
separated on gel in parallel with the patient samples; all sam- 
ples were membrane transferred and immunoblotted with the 
growth factor antibody. Exogenous VEGF produced an ex- 
jxeted suiglc disactc baud, iu dosc-tclatcd fashion, which was 
~ 23 kO in sire as » monomer (Fig. 2). This corresponds to the 
gel uufcmikm of eudugeuous VEOF165 detected in vascular 
smooth mnsde. caIU p.?.). A singly samevsized hand was de- 
tected iu die FF sample*, indicating dial die 165-aiiiiiiu add 
isoform of VEGF predominates in the ovary Tn groups ' or U, 
little VEGF was detected. In contrast, the samples from the 
women producing > 23 oocytes (group IV) had clearly detect- 
able VEGF protein, and the VEGF band density correlated 
with the degree of ovarian stimulation (oocyte number). The 
density of the VEGF band from group IV samples was roughly 
comparable with that produced by 100 pg of exogenous 
VEGK 

To precisely determine the concentration of VEGF in the 
FFs. wc developed an KJA for the growtWpermeamtity factor. 

Table KL Reversal of Endothelial Cell Permeability by t*U 



Synthase Inhibition 





Permeability ( <fera) (\ oi control) 






Control 
FFOivupiy 
VEGF 1 ng/ml 


100 101r3 
16U3- . 



Data are the meanrSEM permeability for each trcauiwm (»U replica* 
tioos per condition) carried out for 2a h and are derived from three ex- 
periments. FF or VEOF data arc compared with pormoability from eon 
trol EC in DMEM in tne aosence of any FF aadcdto thecaambei*. *r* < 
aOi for pennenhilicy induced by FFnr VHOF v*. permeability of eon* 
trolEC 1 /* < 005 for IT or vccrva.rr or veer t l-NMMa, 10 |*M. 



As seen in Fig. J. vtOF concentrations rrora the four groups 
progressively increased. Group I paucnts had a mean VEGF 
value of 353=28 pg/mh increased to a mean of 51l±46 pg/ml 
in group II (/* < 0.QS). Group III patients had a mean VEGF 
concentration of 805^62 pg/ml. and group IV patients had 
threefotd the VEGF level of group I, at 11052:87 pgtoL The 
values obtained hy RTA correlated well with oocyte proHur. 




i ii iii iv 



Groups 

figure J. VEGF concentration in the follicular Ouids of patients in 

groups W Each bar is the meansSEM of tne samples In tne group. 
Asterisks indicate P < 0X6 by aNOVa plus Scheffe's F-test vs. 
group L 
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lion and generally paralleled the results from Western immu- 
noblot which is not quantitative. 

CytosktUtal rcarran&mcnt Induced by s r ° u P W w * 
then attested the mechanism that leads to increased EC per- 
meability. ECs (onu tight juuciioa associations, regulating the 
bidirectional passag* of tony nutrients, and fluids through the 
endothelial lining (23). This liuiiia the uamgttssioii of fluid 
and protein out of the intravascular $p*c* rn rhe peripheral tis- 
sues. One Imponant regulatory mcthanbm fui die imcguiy of 
tight junction maintenance is distribution of acrin to » rorrical 
(peripheral) pattern, precluding stress fiber formation. This 
situation is demonstrated by EC cultured on gUss coverslips in 
DME and siained 10 show F-actin (Fig. 4 a, A). A similar pat- 
tern of peripheral aetin fiber localization in the cell is seen 
when ECs are incubated with rxom group I patients (Fig. 4 
a f D). In contract, incubation of the cells with either group IV 
FF (Q or exogenous VEGF (£)) caused a marked redistribu- 
tion of actin fibers to transversely span the entire cell, with re- 
sulting stress fiber formation. Actin redistribution induced by 
eilliei eAogcuuua VEGF or group IV IT was substantially rc- 
vp.tspA by cnincuhafion wirh VF.GF antibody (£ and /. respec- 
tively). This Indicated dial die VEGF content of the group IV 
FF u/as responsible for this arrJwftrjiiral change within the EC. 
leading to increased vascular permeability. % 

Since we found that NO contributed to the increased p«r- 
meability stimulated by group IV FF or cxogcnous-VEGF, *c 



atee&ed its contribution to the redistribution of actin. We 
found that l-NMMa si*nificandy reversed the effect of the 
group IV FF to stimulate stress fiber formation (Fig. A b) t 
ifcese results provide a mechanism to understand the contri- 
bution by NO to the permeability enhancing action f the 
group IV FF. 

We also examined the integrity of ZO-1 tight junction pro- 
tein alignment at the borders of the apposed EC (Fig. 5). The 
distiibutiou of ZO-1 at the borders is known to be discontinu- 
ous ground the. normal F.C (74), as seen in A. Group I FF had 
no effeu on this pauciu (B). Gioup IV FF oi cM/gcuuus 
VEGF each induced significant clumping and disruption of the 
ZO-1 tight Junction protein (Cand D), often leaving large gaps 
in ZO-1 expression (arrowheads). The disruption highly corre- 
lates with increased cell permeability (25). Colncubation of the 
cells with VEGF ab again substantially reversed the effects of 
either JrF (£) or exogenous VEGF (F). This indicates an addi- 
tional mechanism by which the VEGF in FF disrupts the integ 
rity of EC tight junctions, leading to increased permeability. 

Discussion 

The symptoms that'e^^rSeS^^SHa^^^^m^tSn^ 
factoCTiTis proposed thai piixluctiou of tllSuctoT'is aug- 

Figurm 4 (a) F-acfin rtft- 
uibuttoa ia cultured EC 
and the effects of FF or 
exogenous V£OF. 1 ng/ 
ml. The wnlte transverse 
lines represent phalloidin 
staiaiag of the actin mi- 
crofilaments. A is EC cut* 
cured in media alone*. B is 
EC tu Utc ptoeiN-c vf 
eroup I FF: C is group IV 
(high oocytos) FF; D b 
exogenous VEGF t 1 ng;£ 
k ATOgftnftiw VF.fi F phut 
VEGF antibody: F is 
group IV FF plus VEGF 
antibody. A cortical (pe- 
ripheral) dtsinbuaon is 
seen in the control or low 
oocytes FF. but a (ran> - 

verse (stress tibers) distri- 
bution occurs In rtspont* 
tu high owyic FF oi ex- 
ogenous V£GF. Effects 
of FF or VEGF ore sub 
stantiaity prevented t>y 
VEGF dnnboHy Thi* 
»ludy is iCyic&cuiatiTC of 

three separate studies, {b) 
Effect of l NMMA oa 
F-actin distnoutlon in- 
duced by group IV FF. A 
is EC cultured in media 

alone: a is group iv t-h- 
incubated EC: C W group 
IV FF plu> l-NMMa, 10 
uM. This study was re- 
peated twice. 
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Fi$iv*S. Distribution of the tight junction protein 20-1 around ap- 
posed endothelial ccib in rcspunsc loFTut cAvgenoua V £0F. BbmI, 
discontinuous distribution of 20-1 in EC is shown in A. Bxt EC in 
the presence of group I FF: C is group IV (high oocytes) Ft; D is ox 
ogenous v bGt\ i ogftni: t is exogenous V£0F plus VEOF antibody. 
F ts group IV FF plus VEGF antibody. Arrowhr.*d* <VTt0t* arftai of 
typiealZO-1 abruption (C and 0). TltU icpioctiieii*c study was ie- 
pcated twice. 



mented oy gonadotropic hormones administered as pan of the 
fertility procedure (2-4); the factor is then secreted or is 
leaked from the massively enlarged ovaries. The resulting vas- 
cular permeability leads mainly to peritoneal fluid collection, 
edema, and occasionally hypovolemia. Loss of Intravascular 
volume ts largely responsible for the morbidity and occasional 
mortality associated witn OHSS (3). 

The development of this syndrome correlates well with the 
ovarian response to gonadotropic hormones, "1 his response in- 
cludes large numbers of stimulated follicles and increased se 
rum estradiol (E2) levels, parameters that define patients at in- 
creased risk for developing this disorder (26, 27). Previous 
studies have correlated vasoactive substance levels in the vas- 
culature or ovary with the temporal development of OI ISS. Aa 
a result. various intra- and extra-ovarian substances have been 
populated to couliibutc to OHSS. including prostaglandins, 
histamine, .v»mrnnin, prolactin, angiotensin, and interleukin-2 
(28-33). Oui icmaIo licic iuiH^c.Sl^HSI^^^J^^ 

tofflcrcaseUvasc^^r*rm^ 

The actions of VEGF to enhance vascular permeability (6) 
may result in part from die effects of other vasoactive sub- 
Stances (34). Several actions of exogenous VEGF in vitro are 
partially dependent on the generation of NO from the target 
cell/organ, such as EC (34. 35). Our results indicate that the 
ability of the group IV FF to induce increased EC permeability 
is significantly, though not totally, dependent upon the genera- 
tion of NO. We found similar dependence on NO for the per- 
meability response to exogenous VEGF. supporting the find- 



ings of Murohara et al (21). NO can induce increased vascular 
permeability through the activation of protein kinase G (36). 
NO can associate with and disrupt cvxosiceletal protein conv 
plexing (37, 38) and can deplete ATP, lending to dilation of 
fcC light junctions (37) and the rearrangement of the actin cy- 
toskcteton (39). The significant alterations of the cytoskelctal 
proteins of EC demonstrated in this study result in part from 
NO action. 

The formation of the f-C TJ modulates transrndorhftlial 
solute exchange, arid septal piotciits have been implicated in 
the dynamic formation of junction*. Th« assnnarinn of TT pro- 
tcius (iucludiug ZO-l T ZO-2, end ucdudin) with both the aoin 
cyroxVftlemn (a/)) and cadterin-catenin complex (41) are felt 
io play important roles (42). Disrupting EC tight junction pro- 
tein complex formation results from the disorganization of the 
actin cytoskeleton (43, 44) and would lead to the endothelial 

fenestrations induced by VEGF (45). We believe this sequence 
of events underlies OHSS since we found that F-actin redistri- 
bution, formation of stress fibers, and ZO 1 protein destruc 
tion in response to group IV Fr* were each reversed by VEOF 
antibody. Recent in vitro studies showed chat eadhcrin and oc- 
cludin become disorganized at endothelial cell junctions in re- 
sponse to exogenous VEGF (46). Normally, oomplcxing of 
ZO-1 proteins with ocdudin mediates ocdudhVs localization 
to the tight junction and association with the cytoskclcton (25). 
VEGF-induced disruption of ZO-1 would 1) prevent this lo- 
calization, and 2) markedly lower the electrical resistance of 
EC, resistant* typifying an ionic barrier function (47). 

Rcgaiding the suuiuc uf die petmeabilily faclui, VEOF 
transcript* and rh* protein isofomis VFGF17.1 and especially 
VEOF165 have been found in human ovarian tissue (13), 
Luteinized human ovarian granulosa cells, isolated from 
women undergoing hormonal stimulation for in vitro fertiliza- 
tion, express high concentrations of VEGF mRNA (16). In 
cultured Dovlne ovarian granulosa cells (GC), either LH or E2 
can stimulate VEGF mRN A expression, but the effects of LH 

are more rapid (46). Cultured human GC respond to hCG with 
increased VEGF mRNA production (49); this leads us to spec- 
ulate that in our patients there is a sequential action of the ad- 
ministered hormones (FSH. human menopausal gonadotro 
pins, and hCG) to hrst directly stimulate VEGh production. 

This is followed by increased estrogen production that inde- 
pendently augments VEGF. High intraovarian levels of E2 are 
probably necessary for VEGF production and the clinical syn- 
drome (50). Presumably. VEGF produced in the ovary acts lo- 
cally, spills into the peritoneal cavity, and is also secreted into 
the blood. It has been shown that some women who develop 
OHSS have elevated levels of VEGF in their blood (51, 52), al- 
though the source of the VKGF is not clear, since vascular 
smooth muscle cells potently pioducc tliis giowth factoi. We 
found that ovarian FFcnmainfrd th* VF.fiFlftS ixnform hy inw 
iiiunobloL Since mis same antibody blotted die ability of (he 
FF to stimulate endothelial cell permeability, wc propose that 
ovarian VEGF165 contributes to the clinical symptomatology. 

Since increased vascular permeability also occurs at ovula- 
tion (33, 54), OHSS could be viewed as an exaggeration of the 
events that occur during the menstrual cycle. When this 
growth/permeability factor Is produced in excess by the super- 
physiologic hormonal induction of ovulation, it can lead to the 
clinical syndrome of OHSS. Recently. Kobayashi et aL (55) 
measured low levels of VEGF in the ascites from three women 
with OHSS, concentrations that did not produce increased 
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capillary permeability. This led them to conclude that VEGF 
may not be involved in the pathogenesis of this syndrome. In 
contrast, several studies have measured much higher concen- 
trations of VEGF in th peritoneal fluid andfor serum of 
women who developed OHSS after fertility induction (50, 52, 
56). In a previous study, peritoneal fluid from three women 
with OHSS induced increased capillary permeability, which 
was prevented by the VEGF antibody (57). There was no de- 
termination of the source of VEGF or mechanism of VEGF 
action. Our patients in group IV developed significant signs of 
OHSS, including edema and ascites, requiring bed rest and di- 
uresis. Their FFs induced the greatest EC permeabilities, 
which were 98% reversed by the VEGF antibody. VEGF con- 
centrations in the FF from the four group IV patients were 
more than three times those of group I patients, who were 
asymptomatic Group IV individuals also produced the largest 
numbers of oocytes, and their FF caused EC cytoskeletal rear- 
rangement, F-actin redistribution, and degradation of ZO-l 
protein at the tight junction. 

The collective data therefore supports an important role 
for VEGF in this syndrome. The increase in permeability stim- 
ulated by the FF from our patients was not linearly related to 
the absolute VEGF concentrations. This suggests that there is 
a threshold concentration of VEGF, which is necessary to in- 
duce EC permeability! It is difficult to definitively identify 
VEGF as the causative factor in vivo, because there is no 
VEGF receptor antagonist currently available. A naturally oc- 
curring truncated form of the VEGF receptor,^ is an antago- 
nist of some actions of VEGF (58). but its therapeutic use is 
unknown. We have recently demonstrated that stimulation of 
VEGF synthesis in cultured vascular smooth muscle cells is 
substantially inhibited by members of the natriuretic peptide 
family (59). Administration of these peptides might limit pro- 
duction of this growth factor in OHSS, potentially serving as a 
therapeutic approach in predisposed individuals. 

In summary, FF from women undergoing hormonal ova- 
rian stimulation significantly increased endothelial cell perme- 
ability, which correlated with the magnitude of oocyte produc- 
tion (an important index of the degree of stimulation). We 
have demonstrated that the FF factor responsible for increased 
EC permeability is VEGF and therefore is the likely factor 
leading to the important manifestations of OHSS. Rearrange- 
ment of the actin cytoskeleton and disruption of ZO-l protein 
is a likely primary mechanism by which VEGF in the FF dis- 
rupts the EC tight junctions and increases permeability. Re- 
ceptor antagonists or inhibitors of VEGF synthesis should 
prove useful in preventing the development of this disorder. 
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Brain edema in meningiomas is associated with increased vascular 
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OBJECTIVE: Vascular permeability factor/vascular endothelial growth 
factor (VPFA/EGF), an endothelial cell-specific cytokine, induces 
proliferation of endothelial cells and increases vascular permeability 
dramatically. All gliomas secrete significant amounts of VEGF, whereas 
meningiomas are variable in expression. Thus, we sought to determine . 
whether the extent of VPFA/EGF expression in meningiomas correlated with 
differences in brain edema associated with these tumors. METHODS: 
Meningioma tissue samples from 37 patients (15 men, average age 65 +/- 13 
yr; 22 women, average age 60 +/- 10 yr) who unde went surgery at or were 
referred to the University of Alabama Hospital were examined 
retrospectively for the extent of expression of immunoreactive VPFA/EGF. 
Additionally, peritumoral edema was assessed on a blinded basis 
radiographically from preoperative magnetic resonance imaging scans. - 
Selected specimens were examined by in situ hybridization to document the 
source of VPFA/EGF. RESULTS: The predominant meningioma subclassifications 
were transitional (57%) or meningothelial (27%) subtypes. VPFA/EGF 
immunoreactivity ranged from 0 to 3.5, with a median value of 2 on a 
subjective 5-point scale; magnetic resonance imaging-assessed edema ranged 
in extent from 0 to 4 (subjective 5-point scale), with a median value of 
2.5. The correlation of determination (R2) of magnetic resonance 
imaging-assessed tumor edema rating and VPFA/EGF staining intensity rating 
was 0.6087 (r = 0.78; P = 0.0001). In situ hybridization localized VPFA/EGF 
messenger ribonucleic acid in meningioma cells and not in normal 
parenchymal brain cells. CONCLUSION: These data suggest that 
meningioma-associated edema may be a result of the capacity of meningioma 
cells to produce VPFA/EGF locally, leading to increased tumor 
neovascularization and enhanced vascular permeability. 
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Rat brain VEGF expression in alveolar hypoxia: 
possible role in high-altitude cerebral edema 
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Xu, Fengping, and John W. Severinghaus. Rat brain 
VEGF expression in alveolar hypoxia: possible role in high- 
altitude cerebral edema. J. AppL Physiol. 85(1): 53-57, 
1998.— The mechanism by which hypoxia causes high- 
altitude cerebral edema (HACE) is unknown. Tissue hypoxia 
triggers angiogenesis, initially by expressing vascular endo- 
thelial growth factor (VEGF), which has been shown to 
increase extracerebral capillary permeability. This study 
investigated brain VEGF expression in 32 rats exposed to 
progressively severe normobaric hypoxia (9-6% 0 2 ) for 0 
(control), 3, 6, or 12 h or 1, 2, 3, or 6 days. 0 2 concentration 
was adjusted intermittently to the limit of tolerance by 
activity and intake, but no attempt was made to detect 
HACE. Northern blot analysis demonstrated that two molecu- 
lar bands of transcribed VEGF mRNA(~3.9 and 4.7 kb) were 
upregulated in cortex and cerebellum after as little as 3 h of 
hypoxia, with a threefold increase peaking at 12-24 h. 
Western blot revealed that VEGF protein was increased after 
12 h of hypoxia, reaching a maximum in —2 days. The 
expression of fit- 1 mRNA was enhanced after 3 days of 
hypoxia. We conclude that VEGF production in hypoxia is 
consistent with the hypothesis that angiogenesis may be 
involved in HACE. 

angiogenesis; cytokines; brain capillary leak; acute mountain 
sickness 



HIGH-ALTITUDE CEREBRAL EDEMA (HACE) is one form of 

severe acute mountain sickness. The pathophysiologi- 
cal link between hypoxia and HACE is poorly under- 
stood. Pathological findings include retinal and presum- 
ably other cerebral petechial hemorrhages, cerebral 
thrombosis, and brain edema (21). The possibility that 
hypoxia might initiate angiogenesis in brain and under- 
lie HACE was supported by the finding of increased 
capillary density in hypoxic rat brain (9, 14, 15) and by 
the observation that dexamethasone, widely used to 
prevent and treat HACE, is an effective blocker of 
angiogenesis (21). 

Tissue hypoxia is thought to upregulate a series of 
local factors that contribute to angiogenesis, the growth 
of new capillary vessels. A complex cascade of cellular 
responses, triggered by local hypoxia, increased lactate, 
and/or low redox state, results in capillary basement 
membrane dissolution and rupture, as well as plasma 
and red blood cell extravasation. Endothelial cell bud- 
ding and growth toward the hypoxic region normally 
follow. In recent years, many putative angiogenic fac- 
tors have been identified, including vascular endothe- 
lial growth factor (VEGF), epidermal growth factor, 
transforming growth factors-a and -0, tumor angiogen- 
esis factor, angiogenin, tumor necrosis factor-a, acidic 
and basic fibroblast growth factors, platelet-derived 
endothelial cell growth factor, and interleukin-8. Among 
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these, VEGF is thought to be the most potent and. 
specific in the basement membrane destruction and 
leakage. VEGF has been described as a specific in vitro 
endothelial cell mitogen and as an angiogenic inducer 
in several in vivo models (1). It is also known as a 
vascular permeability factor by virtue of its permeabil- 
ity-enhancing effects that, on a molar basis, enhanced 
the permeability of normal venules and small veins 
with a potency some 50,000 times that of histamine 
(20). VEGF has been shown to be upregulated by 
hypoxia both in vitro and in vivo (17, 24). It has not 
previously been sought during systemic hypoxia in 
brain where the blood-brain barrier might exclude such 
protein cytokines. 

Angiogenesis in the brain normally occurs only dur- 
ing growth (19). Endothelial cell proliferation is low in 
the adult brain. Angiogenesis can occur in brain under 
pathological conditions such as infarction and tumor 
growth. VEGF has been detected in brain tumor tissue 
and was reported to be expressed in rat cerebellum and 
mouse choroid plexus (3, 16) and after surgical trauma 
(tumor removal) (21). Cerebral venous thrombosis, a 
complication of HACE, is consistent with the ability of 
VEGF to increase von Willebrahd factor release (4) and 
thromboplastin activity (7). 

We report here the expression of both VEGF mRNA 
and VEGF protein in rat brain as a function of time of 
inhalational hypoxic exposure, and we suggest that 
this may contribute to HACE. 

MATERIALS AND METHODS 

Animal experiments. All studies had prior approval of the 
committee on Animal Research, University of California, San 
Francisco. Adult Sprague-Dawley rats (Hilltop Strain, Ban- 
pin & Kingman) of either sex (weight 280-300 g) were housed 
in an aquarium with a plastic cover, kept in normal circadian 
rhythms (dark at night), and were supplied with food and 
water. A continuous fresh gas flow was supplied to the 
chamber, keeping the C0 2 concentration below 1%. Ambient 
0 2 concentration was reduced to -9% initially, and it was 
reduced progressively over the next hours, in response to 
activity to as low as 6%. Generally, the 0 2 concentration was 
lowered -1% every 3 h during the first day until the animals 
showed little activity and a decreased intake of food and 
water. Eight rats were housed in the same chamber for each 
group to ensure equal hypoxic exposures for all animals. The 
rats were harvested one at a time after eight hypoxic expo- 
sures of 0 (control), 3, 6, or 12 h or 1, 2, 3, or 6 days. The 
procedure was repeated for a total of four runs, each with 
eight rats. General appearance, activity, response to stimuli, 
and intake and excretion were reccrded daily. 0 2 and C0 2 
concentrations were continuously monitored over the 6-day 
period with use of a PDP 11/44 computer and Perkin Elmer 
1100 mass spectrometer. The rats were anesthetized with 
halothane and then decapitated. Brains were quickly re- 
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moved, frozen with liquid nitrogen, and stored at -80°C. 
Brain edema was not quantified. 

Biochemical and biological reagents. Recombinant human 
VEGFiea (rhVEGF l65 ) (R&D Systems, Minneapolis, MN) 
was diluted with PBS/BSA (0.37c) to 1 /ig/5 ml, aliquoted, and 
stored at -80°C. VEGF cDNA (393 bp cloned into pGEM3 
plasmid) was a gift frcm Dr. Larry Brown (Beth Israel 
Hospital, Boston, MA). Flt-1 cDNA (458 bp in pGEM3Z) was a 
gift from Dr. Rubin M. Tuder (Department of Pathology, 
University of Colorado Health Sciences Center). Mouse P-actin 
(Ambion, Austin, TX) is a linearized pTRPLEscript plasmid 
containing a 250-bp mouse p-actin gene fragment. 28S ribo- 
some (Ambion) is a linearized pTRPLEscript plasmid contain- 
ing a 115-bp cDNA fragment of the human 28S rRNA gene. 
Polyclonal rabbit antibody against rhVEGF was purchased 
from Santa Cruz Biotechnology. Anti-rabbit IgG conjugated 
with horseradish peroxidase was obtained from Vector Labo- 
ratories (Burlingame, CA). The 0.24- to 9.5-kb RNA ladder 
used in Northern blot analysis was obtained from GIBGO- 
BRL Life Technologies. The rainbow-colored protein molecular- 
weight marker used in Western blot analysis was purchased 
from Amer sham Life Science. 

Northern blot hybridization. Total RNA was isolated from 
100-mg pieces from cerebral cortex of rat brain by using a 
single-step method. Tissue was homogenized in 1 ml of RNA 
STAT-60 (TEL-TESTB", Friendswood, TX) by using polytron 
homogenizes The total RNA was extracted with chloroform 
and precipitated with isopropanol followed by a wash with 
70% ethanol. The RNA pellet was dissolved in Tris-EDTA 
buffer (pH 7.5), and the optical density was determined by 
Shimadzu Recording Spectrophotometer UV-1601. Ten micro- 
grams of total RNA were denatured at 65°C in formamide- 
and bromide-containing loading buffer and were subse- 
quently electrophoresed on a 1% agarose gel containing 2.2 M 
formaldehyde in lx MOPS-EDTA-NaOAc buffer. RNA was 
transferred to nylon membranes (Hybond N, Amersham 
International PLC, Aylesbury, Bucks, UK) in 20x NaCl- 
NaH 2 P0 4 -EDTA buffer. Blots were cross-linked by ultraviolet 
irradiation (UV Statalinker, Stratagene), prehybridized in a 
seal-a-meal bag at 50°C for 1 h in prehybridization solution (1 
M NaCl, 1% SDS), and then hybridized at 65°C overnight in 
hybridization solution (1 M NaCl, 1% dextran sulfate, and 
100 //g/ml denatured salmon sperm DNA). The cDNA probes 
used for hybridization were labeled with [ 32 P]dCTP (New 
England Nuclear, Boston : MA) to a specific activity of 1-2X 10 9 
counts rnin~ 1 - fig DNA" 1 by using the random dexamer label- 
ing method (Redprime DNA Labeling System, Amersham). 
Denatured labeled DNA probe was added to the hybridization 
solution to a final concentration of lx 10 s counts • min" 1 * ml" 1 . 
After overnight hybridization, the blots were washed twice in 
2x NaCl-NaH 2 P0 4 -EDTA buffer with 0.1% SDS at room 
temperature for 5 min each, and then at 65°C for 5-30 min, 
and were exposed overnight to X-ray film with intensifying 
screens at -80°C. Blots probed for VEGF mRNA were 
stripped by boiling in 0.1% SDS for 5 min, and the blot was 
left in the solution until the solution returned to room 
temperature. All the blots were re probed for p-actin and 28S 
antisense RNA probe in a similar manner to permit loading 
and blotting differences between lanes to be compensated. 
P-Actin and 28S RNA probes were prepared by T7 RNA 
polymerase and labeled with [ 32 P]UTP 02,000 Ci/mmol; New 
England Nuclear, Boston, MA) with the use of MAXIscript in 
vitro transcription kits (Ambion). The intensity of the signals 
was quantified by a scanning densitometer. 

Western blot analysis. Samples (100 mg) of rat brain cortex 
from the same brains used for Northern blot analysis were 
homogenized thoroughly in 1 ml of lysis buffer (0.01 M 



TrisHCl, pH 7.6, 0.1 M NaCl, 0.1 mM dithiothreitol, 0 001 M 
EDTA, 0.17c NaN 3 , 1 f*gfp\ leupeptin, 100/ig/ml phenylmeth- 
ylsulfonyl fluoride, 1 //g/^1 aprotinin. 1% NP-40). The extracts 
were centrifuged in a microfuge at 12,000 g for 5 min to 
remove particles. Total protein was determined by using 
bicinchoninic acid protein assay reagent (Pierce, Rochford, - 
IL). Forty micrograms of total protein dissolved in sampler 
buffer containing 2-mercaptoethanol were loaded into each 
individual lane. Twenty micrograms of 1 //g/ml rhVEGF were 
used as a positive control. The proteins were then separated 
by 10% SDS-PAGE at 4°C at 15 mAfor 30 min followed by 20 
mA for 2-3 h until the blue dye reached the bottom of the gel. 
The proteins were then transferred onto Hybond enhanced 
chemiluminescence (ECL) nitrocellulose membrane (Amer- 
sham) with constant current of 200 mA at 4°C for at least 4 h. 
After transfer, the nitrocellulose blot was blocked overnight 
with 10% solution of dry milk to prevent nonspecific staining. 
It was then incubated for 1 h at room temperature with 
polyclonal antibody against rhVEGF, at a 1:500 dilution, in 
10% dry milk in Tris-buffered saline/0.1% Tween, with gentle 
agitation. Subsequently, the filter was rinsed several times 
and incubated for 1 h at room temperature with anti-rabbit 
IgG horseradish peroxidase conjugate at a dilution of 1: 
20,000 in 1% solution of dry -milk. Immunoreactive proteins 
were detected with use of the ECL Western Blotting Detec- 
tion System (Amersham). The membrane was exposed to 
Hyper film ECL (Amersham) at room temperature for 5 min 
to2h. 

Statistics. Results are expressed as a ratio of relative 
intensity of VEGF to 3-actin at the corresponding time point. 
Mean values for total VEGF/p-actin, upper bands ofVEGF/p- 
actin, as well as lower bands of VEGF/p-actin were compared 
by unpaired Student's *-test statistical analysis. Results were 
considered as statistically significant at P < 0.05. 

RESULTS 

Expression of VEGF mRNA in response to hypoxia in 
vivo. Figure 1 shows autoradiographs of Northern blots 
of total RNA from rat brain cortex for one run, with 
samples after each of the eight test periods. The top 
panel shows the hybridization signal for VEGF, the 
middle panel shows the signal for mouse P-actin, and 
the bottom panel shows the signal for the 28S ribosome, 
RNA from rat brain exhibited two hybridization signal 
bands for VEGF at -3.9 and 4.7 kb. Hybridization 
patterns with RNA for p-actin were used as an index of 
the amount of total RNA applied to each lane. 28S 
ribosome was also used to correct for loading variation 
of total RNA on each lane. To normalize the data 
between individual blots, the relative intensities for the 
hybridization signal (intensity of VEGF mRNA signal 
divided by intensity of respective p-actin or 28S) are 
presented in Fig. 2. There are significant (P < 0.05) 
differences in the relative intensities of both 3.9 and 4.7 
kb, as well as the total VEGF mRNA signal between the 
normal and hypoxic rat brains. No differences were 
observed between the relative intensities when p-actin 
was used as reference and those when 28S was used as 
reference. 

After the rats were exposed to hypoxia for as little as 
3 h, their VEGF mRNA levels were remarkably in- 
creased, reaching a maximum at —12 h. Brain VEGF 
mRNA increased about threefold within the first 24- h. 
Scanning densitometric analysis showed that the maxi- 
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Fig. 1. Expression and response to hypoxia of vascular endothelial 
growth factor (VEGF) mRNA in , rat brain. Total RNA was extracted 
from normal rats (control) or rats exposed to 9-6% 0 2 for 3 h-6 days. 
Tbtal RNA (10 fig) was loadec in each lane. Northern blots of total 
RNA sequentially hybridized vith VEGF (top ), (i-actin (middle), and 
28S (bottom) probes are shown. 

mal effect occurred in 12-24 h. Enhanced VEGF mRNA 
persisted for at least 6 days. 

Induction of VEGF protein production by hypoxia. We 
performed SDS-PAGE under reducing conditions and 
Western blot analysis on homogenized whole brain to 
detect VEGF protein as expected with VEGF mRNA 
expression. As shown in Fig. 3, one protein band at 23 
kDa was detected with use of a polyclonal antibody to 
human VEGF. VEGF in rat brain was not increased 
until 12 h of hypoxia, although the VEGF mRNA 
increased as early as 3 h in hypoxia. A maximum 
induction of VEGF protein was reached after 2 and 3 
days of hypoxia. 
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Fig. 3. Western blot analysis of brain tissue extract of normal rat 
(control) and rat exposed to hypoxia for 3 h-6 days. Total protein (40 
fig) resolved under reducing condition (100 raM of 2-mercaptoetha- 
nol) was loaded in each lane and separated by 10% SDS-PAGE. 
Nitrocellulose blot was immunostained with polyclonal antibody 
against recombinant human VEGF. Band at 23 kDa is consistent m 
size to monomer of VEGFj.65- 

Upregulation of fit- 1 mRNA during hypoxia. North- 
ern blot analysis was performed for the mRNA expres- 
sion of flt-1, one of the two VEGF receptors, in normal 
and hypoxic rat brain tissue. Figure 4 showed that flt-1 
mRNA was induced in rat brain after 3 days of hypoxia 
but theh t fell despite constant severe hypoxia. 

DISCUSSION 

Hypoxic exposure of awake rats induced a significant 
increase in brain VEGF mRNA expression as well as 
VEGF protein production. Interestingly, VEGF was 
upregulated primarily during the first few days of 
continued hypoxia, similar to the time course encoun- 
tered in the development of symptoms and signs of 
HACE in humans ascending too rapidly to high alti- 
tude. The expression of VEGF mRNA was increased 
within 3 h of hypoxia, reached a peak at 12-24 h, and 
then declined. The production of VEGF protein peaked 
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Fig. 2. Effects of hypoxia on VEGF mRNA expression in rat brain. 
Means ± SE are shown of VEGF mRNA optical density corrected for 
P-actin in rat brains removed during phases shown on horizontal 
axis, d, Day. Significantly different from control: *P < 0.05, **P < 0.0 L 
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Fig. 4. Expression of flt-1 mRNA in rat brain tissue after hypoxia. 
Total mRNA (10 fig) from normal rats or rats exposed to hypoxia for 1, 
3, or 6 days was loaded in each lane. Blot was hybridized with fit I 
cDNA probe. 28S ribosome in ethidium bromide-stained gel was used 
as reference for normalizing total RNA loading. 
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at 48 h. Similar results were reported by others. In rat 
heart muscle after coronary arterial ligation, Hashi- 
moto et al. (10) found that VEGF mRNA was evident at 
30 min, peaked at 1-2 h, and decreased at 6 h, 
suggesting that VEGF is an early and transient regula- 
tory factor in response to hypoxia. Tuder et aL (24) 
reported that VEGF mRNA increased within 2 h of 
hypoxia in the isolated perfused anoxic lung. VEGF 
mRNA was also expressed during chronic hypoxia for 
up to 32 days (24). Previous evidence showed that 
VEGF was inducible by local (ischemic) hypoxia in 
brain (23). It was reported that, in brain tumors, VEGF 
mRNA was strongly expressed in the most ischemic 
and necrotic areas while not present in the white 
matter of normal brain where gliomas normally arise 
(23). 

VEGF expression in rat brain tissue after hypoxia 
suggests a possible role for VEGF in regulating base- 
line microvascular permeability, perhaps facilitating 
tissue nutrition and waste removal. Our observations 
support the thesis that VEGF may act as a mediator in 
the process of hypoxic cerebral edema, assuming the 
role of a link between tissue hypoxia and an angiogen- 
esis response. LaManna et al. (14) demonstrated capil- 
lary budding in superficial cerebral cortex of rats 
exposed to 1 wk of 0.5 atm in an hypobaric chamber. 
They also presented evidence that capillary density in 
rat brain increased after 3 wk of moderate hypoxia (380 
Tbrr) (15). The increased vascularity of the brain in 
hypobaric hypoxia progresses from an early phase of 
the microvascular hypertrophy to later microvascular 
hyperplasia (9). Although our present results could not 
determine whether increased expression of VEGF led 
to neovascularization, other studies showed evidence 
that sustained production of VEGF in hypoxic brain is 
likely to elicit an angiogenic response (9). First, there is 
a significant elevation of VEGF gene expression in 
highly vascularized and edema-associated brain tumor, 
compared with brain tumors with less neovasculariza- 
tion and little or no edema (2). In extensively vascular- 
ized tumors such as gliomas and glioblastomas, the 
degree of vascularity appears to be related quantita- 
tively to VEGF expression (23). Second, anti-VEGF 
antibody can block capillary ingrowth into tumors (13). 
Third, a cause-and-effect relationship between VEGF 
production and neovascularization was established 
through the observations of the angiogenic effect of 
VEGF. Banai et al. (1) showed that, after 4 wk of 
treatment, the numerical density of intramyocardial 
distribution vessels was increased by 89% by adminis- 
tration of VEGF into the coronary bed of ischemic 
myocardium, compared with saline-treated hearts. 
Their results suggested involvement of VEGF in coro- 
nary capillary regrowth in ischemic hearts (10). In 
regard to HACE, the permeability-enhancing effect of 
VEGF, which has been found to be 50,000 times more 
potent than histamine (20), on microvascular vessels 
may play an important role in the development of 
cerebral edema under high-altitude exposure. Its stimu- 
lation of von Willebrand factor from endothelial cells (4) 
and induction of thromboplastin activity (7) may be 



associated with the formation of cerebral thrombosis 
and petechial hemorrhage in HACE. In our animal 
model, brain surface vascularity appeared more con- 
gested in the hypoxic animals than in controls. Along 
with the thrombosis and petechial hemorrhage in 
HACE, brain edema increases interstitial pressure and 
may lead to compression closure of capillaries, adding 
local ischemia to tissue hypoxia, which, in return, is a 
potent inducer of VEGF production (23). 

Two VEGF mRNA transcriptions of 3.9 and 4.7 kb 
were found by Northern blot analysis in rat brain 
tissue. The signal intensity of both VEGF mRNA 
transcriptions at 12-24 h after hypoxia was increased 
up to threefold in hypoxic brain compared with normal 
brain. The 3.9-kb pattern of hybridization on Northern 
blot analysis was identical to that observed by others in 
rats (10, 16). As previously described (11), VEGF may 
exist in four different homodimeric molecular species 
because of alternative splicing of mRNA, with each 
monomer having 121, 165, 189. or 206 amino acids 
(VEGF 121 , VEGF 165 , VEGF 189 , and VEGF^e, respec- 
tively). VEGF l6a is the most abundant molecular spe- 
cies in all human tissues except placenta, in which 
VEGF 12i is predominant (11). The VEGF isoforms have 
different properties in vitro, which may determine their 
function in vivo. The two shorter forms, VEGF 12 i and 
VEGF 165 , are secreted and likely to be available in 
physiological conditions (11). In contrast, the longer 
ones, VEGF 189 -and VEGF 20 6» are bound to heparin- 
containing proteoglycans in the cell surface or in the 
basement membrane. The sequence of VEGF 189 is the 
same as that reported for human vascular permeability 
factor, a protein identified from tumor cell lines on the 
basis of its ability to induce vascular leakage and 
protein extravasation (12). Later observations indicate 
that all four molecular species of VEGF can promote 
dye extravasation when applied in a guinea pig skin- 
permeability assay (11). A fifth splice variant, VEGF 145 , 
has also been identified from human endometrium and 
myometrium (6). The bands at 3.9 and 4.7 kb seem to 
represent VEGF 165 and VEGF^, respectively (16). 
Western blot analysis of rat brain lysates, resolved 
under reducing conditions with use of a polyclonal 
antibody, showed one VEGF band at 23 kDa, which is 
consistent in size to the monomer of VEGF l6 5. 

VEGF is said to bind with high affinity to endothelial 
cells in arteries, veins, and microvessels through its 
two tyrosine kinase receptors: the fms-like tyrosine 
kinase receptor (flt-1 ) and the tyrosine kinase receptor 
(KDR) (8, 22). Both flt-1 and KDR are expressed 
exclusively in endothelial cells. Flt-1 was found to be 
upregulated in tumor endothelial cells, although it is 
not present in the endothelium of normal brain (18). 
Studies have disclosed that the expression of the flt-1 
and KDR transcripts can be upregulated by hypoxia 
both in vitro (5) and in vivo (24). In our animal model, 
the flt-1 transcript is upregulated in rat brain after 3 
days of hypoxia. 

Blocking the action of a paracrine mediator that acts 
on the vasculature may have a significant inhibitory 
effect on tumor growth. Treatment with VEGF anti- 
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body has proved to be therapeutic for several highly 
vascularized and aggressive malignancies (13). Angio- 
genesis is inhibited by dexamethasone (21). Cultured 
bovine aortic and pulmonary artery endothelial cell 
monolayers subjected to hypoxia showed an increase in 
monolayer permeability that was prevented by addi- 
tion of the dexamethasone before or during hypoxia 
(21). Dexamethasone is the most effective known phar- 
macological treatment of HACE (21). Its mechanism of 
action on cerebral edema is unknown. This association 
suggests that blockade of the first stages of angiogen- 
esis may be involved. The relationship between dexa- 
methasone and VEGF remains to be determined. Anti- 
VEGF therapy may provide a rational approach for 
dealing with this illness. 

In conclusion, our results demonstrate that the tran- 
scription of VEGF and the production of VEGF protein 
in rat brain were upregulated during the first week of 
hypoxia. Because VEGF is thought to play an impor- 
tant role in angiogenesis, our findings support the 
hypothesis that the angiogenesis process may be in- 
volved in the development of HACE. However, we did 
not attempt to demonstrate cerebral edema. Direct 
evidence for a causative relationship between expres- 
sion of VEGF and brain edema (or petechial hemor- 
rhage) must await additional studies in which the 
consequences of altered expression of VEGF in brain 
tissue will be determined. Further study should also 
include the potential ways to prevent and treat HACE. 
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ABSTRACT 

Malignant pleura! effusion (PE) :is associated with ad- 
vanced human lung cancer. We found recently, using a nude 
mouse model, that vascular endothelial growth factor/vas- 
cular permeability factor (VEGF/VPF) is responsible for PE 
induced by non-small cell human lung carcinoma cells. The 
purpose of this study was to determine the therapeutic 
potential of a VEGF/VPF receptor tyrosine kinase phospho- 
rylation inhibitor, PTK 787, against PE formed by human 
lung adenocarcinoma (PC14PE6) cells. PTK 787 did not 
affect the in vitro proliferation of PC14PE6 cells, whereas it 
specifically inhibited proliferation of human dermal micro- 
vascular endothelial cells stimulated by VEGF/VPF. A spe- 
cific platelet-derived growth factor receptor tyrosine kinase 
inhibitor, CGP57148 (used as a control because PTK 787 
also inhibits platelet-derived growth factor receptor tyrosine 
kinases), had no effect on proliferation of PC14PE6 or hu- 
man dermal microvascular endothelial cells. Lv. injection of | 
PC14PE6 cells into nude mice produced lung lesions and a * 
large volume of PE containing a high level of VEGF/VPF.* 
Oral treatment with CGP57148 had no effect on PE or lung 
metastasis. In contrast, oral treatment with PTK 787 signif- , 
icantly reduced the formation of PE but not the number of « 
lung lesions. Furthermore, treatment with PTK 787 signifi- 
cantly suppressed vascular hyperpermeability of PE-bear- ■ 
ing mice but did not affect the VEGF/VPF level in PE or ' 
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expression of VEGF/VPF protein and mRNA in the lung 
tumors of PC14PE6 cells in vivo. These findings indicate that 
PTK 787 reduced PE formation mainly by inhibiting vascu- 
lar permeability, suggesting that this VEGF/VPF receptor 
tyrosine kinase inhibitor could be useful for the control of 
malignant PE. 

INTRODUCTION 

Malignant PE 3 is associated with highly symptomatic, ad- 
vanced-stage lung cancer. Most patients with PE present with 
progressive dyspnea, cough, or chest pain that compromises 
their quality of life (1). Malignant PE is most often caused by 
lung adenocarcinoma, because this type often forms a primary 
tumor in the periphery of the lung and invades the pleural cavity 
(1). Malignant PE has consistently been shown to indicate a 
poor prognosis in advanced lung cancer patients, being associ- 
ated with high morbidity and mortality (2, 3). Previous reports 
demonstrate that drainage followed by instillation of sclerosing 
agents is useful for controlling PE and improving the quality of 
life of patients. However, the efficacy of this treatment is 
variable and does not extend the survival of lung cancer patients 
(1, 4). Clearly, a more effective therapy for malignant PE is 
needed. 

Among the possible targets for PE treatment is VEGF, also 
called VPF (5), an important multifunctional cytokine that pro- 
motes developmental, physiological, and pathological neovas- 
cularization (6- 8)..VEGF/VPF consists of at least four isoforms 
(VEGFI21, VEGF 165, VEGF 189, and VEGF206), arising 
through alternate splicing of mRNA from a single gene (6). It 
can be produced by various cell types, including many tumor 
cells and activated macrophages (6). VEGF/VPF has been 
shown to stimulate the proliferation and migration of endothelial 
cells and to induce the expression of metalloproteinases and 
plasminogen activity by these cells (6, 9-12). The cytokine is 
also a powerful inducer of vascular hyperpermeability. Through 
this property, the molecule plays a central role in ascites fluid 
formation by murine tumors and human ovarian cancer cell lines 
in animal models (13-17). 



The abbreviations used are: PE. pleural effusion; VEGF/VPF. vascular 
endothelial growth factor/vascular permeability factor, Flt-l, fms-tike 
tyrosine kinase; Flk-1, fetal liver kinase; KDR, kinase insert domain- 
containing receptor. FBS, fetal bovine serum; bFGF, basic fibroblast 
growth factor; PDGF, platelet-derived growth factor, IL, interleukin; rh. 
recombinant human; ISH, in situ hybridization; IHC, immunohisto- 
chemistry; HDMEC, human dermal microvascular endothelial cell; PTK 
787/ZK232394, l-[4-chloroanilino)-4-{pyridylmethyl] phthalazine di- 
hydrochloride. 
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syringe, and the volume of PE was measured using the syringe. 
The blood and PE harvested were centrifuged for 20 min ( 100 X 
g) at 4°C. The serum and supernatant of PE were stored at 
-70°C until the ELISA was performed. The lungs were fixed in 
Bourn's solution, and the number of lung lesions was deter- 
mined with the aid of a dissecting microscope. 

Although this model does not entirely mimic all steps for 
PE formation in humans, this is one model in which PE is 
reproducibly developed, as reported previously (18). 

Assays of VEGF/VPF, bFGF, and IL-8 Protein Levels. 
Levels of VEGF/VPF, bFGF, and IL-8 protein in culture super- 
natants, mouse serum, and PE were determined using ELISA 
kits according to the manufacturer's instructions (R&D Sys- 
tems, Minneapolis, MN). 

Oligonucleotide Probes. We designed antisense oligo- 
nucleotide DNA probes complementary to the mRNA tran- 
scripts of the VEGF/VPF genes based on published reports of 
the cDNA sequence (15) TGGTGATGTTGGACTCCTCAGT- 
GGGCU, 57.7% guanosine-cytosine (GC) content. The speci- 
ficity of the oligonucleotide sequence was initially determined 
by a Gen Bank European Molecular Biology Library database 
search with the use of the Genetics Computer Group sequence 
analysis program (Madison, WI) based on the FastA algorithm. 
A poly(dT) 20 oligonucleotide was used to verify the integrity 
and lack of degradation of mRNA in each sample. All DNA 
probes were synthesized with six biotin molecules (hyperbioti- 
nylated) at the 3' end via direct coupling using standard phos- 
phoramidite chemistry (Research Genetics, Huntsville, AL). 

ISH. ISH was performed as described previously (30). 
Tissue sections (4 u,m) of formalin-fixed, paraffin-embedded 
specimens were mounted on silane-treated ProbeOn slides 
(Fisher Scientific Co.). The slides were placed in the Micro- 
probe slide holder (Fisher Scientific Co.), dewaxed, and 
rehydrated with Autodewaxer and Autoalcohol (Research 
Genetics), digested with pepsin, and then hybridized by use 
of the Microprobe manual staining system (Fisher Scientific 
Co.). The probes were hybridized for 45 min at 45°C, and the 
samples were then washed three times for 2 min each time 
with 2X SSC (IX SSC = 0.15 m NaCl, 0.15 m sodium 
citrate) at 45°C. RNase-free water was used to make up Tris 
buffer and 2X SSC solutions. The samples were then incu- 
bated with alkaline phosphate-labeled avidin for 30 min at 
45°C, rinsed in 50 nM Tris buffer (pH 7.6), rinsed with 
alkaline phosphate enhancer for I min, and incubated with a 
chromogen substrate for 20 min at 45°C. Additional incuba- 
tion with fresh chromogen was done if it was necessary to 
enhance a weak reaction. A positive enzymatic reaction in 
this assay stained red. Known positive controls were used in 
each hybridization reaction. Controls for endogenous alkaline 
phosphate included treatment of the sample in the absence of 
the biotinylated probe and use of chromogen alone. 

Histology and IHC. The lungs of nude mice were har- 
vested at autopsy, cut into 5-mm thickness, and placed in either 
buffered 10% formalin solution or OCT compound (Miles Lab- 
oratories, Elkhart, IN) to be snap-frozen in liquid nitrogen. For 
VEGF/VPF staining, tissue sections (4 u,m thick) of formalin- 
fixed, paraffin-embedded specimens were deparaffinized in xy- 
lene, rehydrated in graded alcohol, transferred to PBS, and 
treated with pepsin for 20 min at room temperature. For CD31 



staining, frozen tissue sections (8 u.m thick) were fixed with 
cold acetone. The slides were rinsed twice with PBS, and 
endogenous peroxidase was blocked by use of 3% hydrogen 
peroxide in PBS for 12 min. The samples were washed three 
times with PBS and incubated for 10 min at room temperature 
with a protein-blocking solution consisting of PBS (pH 7.5) 
containing 5% normal horse serum and 1% normal goat serum. 
Excess blocking solution was drained, and the samples were 
incubated for 18 h at 4°C with a 1:400 dilution of rabbit 
polyclonal anti-VEGF/VPF antibody (Santa Cruz Biotechnol- 
ogy, Santa Cruz, CA) or a 1:100 dilution of monoclonal rat 
anti-CD31 antibody (PharMingen, San Diego, CA). The sam- 
ples were then rinsed four times with PBS and incubated for 60 
min at room temperature with the appropriate dilution of per- 
oxidase-conjugated antirabbit IgG or antirat IgG. The slides 
were rinsed with PBS and incubated for 5 min with diamino- 
benzidine (Research Genetics, Huntsville, AL). The sections 
were then washed three times with distilled water, counter- 
stained with Gill's hematoxylin, washed once with distilled 
water and once with PBS, and rinsed again with distilled water. 
The slides were mounted with a Universal mount (Research 
Genetics) and examined using a bright-field microscope. A 
positive reaction was indicated by a reddish-brown precipitate in 
the cytoplasm. Sections (4 u,m thick) of formalin-fixed, paraf- 
fin-embedded tumors were also stained with H&E for routine 
histological examination. 

Vascuiar Density. Blood vessels in solid tumors grow- 
ing in the lungs of nude mice were counted under light micro- 
scope after immune staining of sections with anti-CD31 anti- 
body. Areas containing the highest number of capillaries and 
small venules were identified by scanning the tumor sections at 
low power (X40). After the areas of high vascular density were 
identified, individual vessels were counted in X 100 fields [X 10 
objective and X10 ocular (0.145 mm 2 )/field)]. On the basis of 
criteria described by Weidner et al. (31), observation of a vessel 
lumen was not required for a structure to be classified as a 
vessel. 

Permeability Assay (Miles Assay). The Miles assay 
uses intradermal injection of test substances and intravascular 
injection of Evans blue dye (which binds to endogenous serum 
albumin) as a tracer to assay permeability in peripheral vessels. 
The assay was performed essentially as described (32, 33) with 
minor modification. To reduce individual variation, nude mice 
without downy hair were carefully chosen, and each mouse was 
kept separately during the assay. Nude mice were injected i.v. 
with 200 \d of 0.5% Evans blue dye (Sigma Chemical Co., St. 
Louis, MO). Ten min later, 50-uJ of samples were injected 
intradermally in rows on the dorsal skin. Thirty min after the 
injection with samples, the mice were killed, and the skin was 
removed. Wheals (5 mm in diameter) were resected and incu- 
bated in 500 u,l of formamide at 37°C for 48 h to extract Evans 
blue dye. The absorbance of the extracts was read at 630 nm in 
a spectrophotometer. 

Statistical Analysis. The significance of differences in 
data of in vitro experiments, the Miles assay, and vessel density 
were analyzed using Student's / test (two-tailed). The remaining in 
vivo data were analyzed using the Mann-Whitney U test or x 2 test 
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Recently, we developed a model for PE by human lung 
adenocarcinoma cells (PC 14 and its highly metastatic variant, 
PC14PE6) in nude and severe combined immunodeficiency 
mice (18) and clarified the role of VEGF/VPF in PE formation. 
The i.v. injection of PC 14 and PC14PE6 cells, expressing high 
levels of VEGF/VPF, produced lung lesions that in turn pro- 
duced large- volume PE in mice. On the other hand, i.v. or 
intrathoracic injection of H226 cells (VEGF/VPF low-express- 
ing human lung squamous cell carcinoma) produced lung le- 
sions without detectable PE. Interestingly, VEGF/VPF gene 
transfection into H226 cells resulted in induction of PE when 
tumor cells were injected intrathoracicly. 4 This evidence sug- 
gests that VEGF/VPF plays a crucial role in PE formation by 
human non-small cell carcinoma cells. 

Two VEGF/VPF receptors have been identified: Flt-1 and 
the Flk-l/kinase insert domain-containing receptor (KDR), are 
high-affinity VEGF/VPF receptors with an extracellular domain 
containing seven immunoglobulin-like domains and a split ty- 
rosine kinase intracellular domain (6). Flk-l has 85% homology 
with the human homologue, KDR. Both Flt-1 and Flk-l /KDR 
have been shown to be important regulatory systems for vascu- 
logenesis and physiological angiogenesis (19-24). However, 
the interaction of VEGF/VPF with Flk-l /KDR is thought to be 
the more important interaction for tumor angiogenesis because it 
is essential for induction of the full spectrum of VEGF/VPF 
functions (6). In fact, many compounds and molecules devel- 
oped to block VEGF/VPF activities mediated by Flk-l /KDR 
have been shown to have antiangiogenic activity in animal 
models (25-27). 

One such molecule is an inhibitor of tyrosine kinase phos- 
phorylation of Flk-l/KDR and Flt-1, called PTK 787 (28). PTK 
787 directly inhibits phosphorylation of the VEGF/VPF receptor 
tyrosine kinases and suppresses angiogenesis induced by VEGF/ 
VPF. At slighdy higher doses, it also inhibits PDGF receptor 
tyrosine kinase phosphorylation (28). It can be given p.o., is 
well tolerated, and has been demonstrated to inhibit the growth 
of several carcinomas in nude mice (28). 

In this study, we examined the therapeutic efficiency of 
PTK 787 against malignant PE caused by human lung adeno- 
carcinoma cells (PC14PE6) established in nude mice. PTK 787 
specifically inhibited VEGF/VPF-induced proliferation of hu- 
man dermal endothelial cells and had no direct effect against 
PC14PE6 cells. We found that oral feeding with PTK 787 
suppressed the formation of malignant PE by inhibiting vascular 
permeability. These findings suggest that therapy with the 
VEGF/VPF receptor tyrosine kinase phosphorylation inhibitor 
PTK 787 is worthy of study in clinical trials. 

MATERIALS AND METHODS 

Cell Lines. The human lung adenocarcinoma cell line 
PCI4PE6 was maintained in Eagle's minimal essential medium 



4 S. Yano, H. Shinohara, R. S. Herbst, H. Kuniyasu, C. D. Bucana, L. M. 
Ellis, and I. J. Fidler. Production of malignant pleural effusions is 
dependent on invasion of the pleura and expression of vascular endo- 
thelial growth factor/vascular permeability factor by human lung cancer 
cells, submitted for publication. 



supplemented with 10% FBS, sodium pyruvate, nonessential 
amino acids, L-glutamine, 2-fold vitamin solution, and penicil- 
lin-streptomycin (Flow Laboratories, Rockville, MD) in a 
10-cm dish and incubated in 5% C0 2 -95% air at 37°C. 
PC14PE6 cells were free of Mycoplasma and pathogenic murine 
viruses (assayed by Microbiological Associates, Bethesda, MD). 
Cultures were maintained for no longer than 6 weeks after 
recovery from frozen stocks. HDMECs (Cascade Biologicals, 
Portland, OR) were cultured in Medium 131 with Microvascular 
Growth Supplement (Cascade Biologicals). For proliferation 
assays, HDMECs were used at passages 2-5. 

Reagents, rh VEGF 165, rhbFGF, and antihuman VEGF 
polyclonal antibody were purchased from R&D Systems (Min- 
neapolis, MN). PTK 787/ZK232394 was discovered and syn- 
thesized in the Department of Oncology Research, Novartis 
Pharmaceuticals (Basel, Switzerland) and was profiled in col- 
laboration with the Institute of Molecular Medicine (Tumor 
Biology Center, Freiburg, Germany), as well as the Oncology 
Research Laboratories of Schering AG (Berlin, Germany). The 
studies described in this report were performed with either a 
dihydrochloride or succinate salt. For in vitro assays, a stock 
solution of 10 mM of PTK787/ZK 222584 was prepared in 
DMSO. This was diluted further in buffer or medium so that the 
concentration of DMSO in assay systems did not exceed 0.1%. 
For in vivo studies, the vehicle for the dihydrochloride salt was 
distilled water. The succinate salt was suspended in vehicle 
containing 5% DMSO and 0.5% Tween 80 in distilled water 
(28). The PDGF receptor tyrosine kinase phosphorylation inhib- 
itor CGP57148 (28, 29) was from Novartis. 

Cell Proliferation Assay. HDMECs (5 X l0 3 /well) 
plated in triplicate in 96-well plates precoated with 1.5% gelatin 
were incubated overnight in supplemented M131 medium. 
PC14PE6 cells (2 X 10 3 /well) plated in triplicate in 96-well 
plates were incubated in MEM containing 5% FBS. The cells 
were then washed and incubated for 72 h with test samples in 
fresh MEM containing 5% FBS. The proliferative activity was 
determined by the 3-(4,4-dimethylthiazol-2-yl)-2.5-diphenyl- ; 
tetrazolium bromide assay using an MR-5000 96-well microtiter 
plate reader set at 570 nm (12). 

Animals. Male athymic BALB/c nude mice were pur- 
chased from the Animal Production Area of the National Cancer 
Institute, Frederick Cancer Research Facility (Frederick, MD). * 
The mice were housed in laminar flow cabinets under specific A 
pathogen-free conditions and used at 6-8 weeks of age. Ani- 
mals were maintained in facilities approved by the American | 
Association for Accreditation of Laboratory Animal Care and in | 
accordance with current regulations and standards of the United r i 
States Department of Agriculture, Department of Health and | 
Human Services, and NTH. )\ 

Model for Lung Metastasis and PE. Cultured PC L4PE6 3 
cells were harvested by pipetting. The cells were washed twice ]\ 
and resuspended in Ca 2+ - and Mg 2+ -free HBSS. Cell viability -j 
was determined by a trypan blue exclusion test, and only single- j 
cell suspensions of >90% viability were used. Tumor cells (IX t ( 
10 6 /300 p,l of HBSS) were injected into the lateral tail vein of t ( 
unanesthetized nude mice ( 1 8). After the indicated periods, mice j 
were euthanized by methoxyflurane, the subclavian artery was i 
severed, and blood was harvested. The chest wall was then cut j 
carefully with a pair of scissors, PE was harvested using a I -ml j 
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Fig. I Effects of PTK 787 and CGP 57 148 on in 
vitro proliferation of HDMECs and PCI4PE6 
cells. HDMECs (5 x IfiVwell; A and Q plated in 
96-welI plates were incubated overnight in sup- 
plemented Ml 31 medium. PC14PE6 cells (2 X 
lOVwell; B and D) were plated in triplicate in 
96-well plates and were incubated overnight in 
MEM containing 5% FBS. The cells were then 
washed and incubated with different doses of 
PTK 787 (A and B) or CGP57I48 (C and D), in 
the presence or absence of rhVEGF165 (20 ng/ 
ml) or rhbFGF (20 ng/ml) in fresh MEM contain- 
ing 5% FBS. The 3-(4,4-dimethylthiazol-2-yl)- 
2.5-diphenyl-tetrazolium bromide assay was 
performed after 72 h, as described in "Materials 
and Methods." The values shown represent the 
means of triplicate cultures; bars, SD. The results 
shown are representative of four independent ex- 
periments with similar results. *, P < 0.05, com- 
pared with the respective control. 
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RESULTS 

PKT 787 Inhibited Proliferation of Endothelial Ceils 
but not Lung Cancer Cells. In the first set of experiments, 
we examined the effect of PTK 787 on the proliferation of 
HDMECs and PC14PE6 cells in vitro. PTK 787 did not affect 
proliferation of HDMECs incubated in medium alone (Fig. 
\A). Addition of rhVEGF/VPF or rhbFGF to the medium 
significantly stimulated HDMEC proliferation, suggesting 
that HDMECs express receptors for VEGF/VPF and bFGF, 
as is the case with most endothelial cell lines. Under these 
experimental conditions, PTK 787 inhibited proliferation of 
HDMECs stimulated by rhVEGF165 but not rhbFGF, indi- 
cating the specificity of PTK 787 to VEGF/VPF receptors 
(Fig. LA). In contrast, PTK 787 did not affect proliferation of 
PC14PE6 cells, irrespective of the presence of rhVEGFl65 or 
rhbFGF (Fig. 15). Moreover, a PDGF-receptor tyrosine ki- 
nase phosphorylation inhibitor, CGP57148, used as a control 
did not affect the proliferation of HDMECs or PC14PE6 
cells, irrespective of the presence of rhVEGFl65 or rhbFGF 
(Fig. I, Cand £>). 

Treatment with PTK 787 Inhibited PE Formation. 
We next examined the therapeutic effects of PTK 787 on PE 
formation by PC14PE6 cells. The effective dose of PTK 787 



was chosen according to a previous report (28). PC14PE6 cells 
(1 X 10 6 ) were injected i.v. into nude mice. Oral feeding with 
PTK 787 commenced 14 days after tumor injection (because at 
this time, the PC14E?E6 cells progress to micrometastases in the 
lung) and continued until mice were killed. In the first experi- 
ment, all mice in the control group developed lung metastases 
and PE, and treatment with 10 mg/kg PTK 787 had no effect on 
lung metastasis, lung weight (represents total tumor volume), or 
PE formation (Table 1). Treatment with 100 mg/kg PTK 787 
inhibited lung weight, although the reduction in the number of 
lung metastases did not reach significance. In addition, PE 
formation (both incidence and volume) was remarkably inhib- 
ited in this group. In experiment 2, we examined the effect of a 
lower dose of PTK 787 (50 mg/kg) on formation of PE and lung 
metastasis. All mice of the control group developed lung me- 
tastasis and PE, and treatment with 10 mg/kg PTK 787 again 
had no effect, consistent with the results in experiment 1. The 
number of lung metastases or lung weight was not inhibited 
significandy by treatment with 50 mg/kg PTK 787; however, 
this treatment remarkably inhibited PE formation (both inci- 
dence and volume). In experiment 3, the effect of oral treatment 
with the PDGF receptor tyrosine kinase inhibitor CGP57148 
was examined using the same model. Although therapy with 
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Table I Effect of VEGF/VPF receptor tyrosine kinase phosphorylation inhibitor on the formation of lung metastasis and PE by PC14PE6 cells 

in nude mice 

PCI4PE6 cells (I X 10 6 ) were injected i.v. in nude mice on day 0. The mice were given oral feedings with distilled water (control), PTK 787 
(started on day 14), or CGP57 148 (started on day 7). Daily therapy continued until day 48. The mice were killed on day 49, and lung metastasis, lung 
weight, and PE were evaluated as describe d in "Materials and Methods." 

Lung metastasis Lung weight (mg) PE 



Volume (u,l) 



Experiment 


Treatment 


Incidence 


Median 


Range 


Median 


Range 


Incidence 


Median 


Range 


1 


Control 


10/10 


64 


26-115 


600 


302-680 


10/10 


630 


20-900 




PTK 787 10 mg/kg 


10/10 


54 


2-97 


548 


251-994 


9/10 


650 


<20-1060 




PTK 787 100 mg/kg 


9/9 


44 


4-76 


286° 


218-620 


4/9* 


<20 fl 


<20-700 


2 


Control 


10/10 


53 


6->150 


637 


290-910 


10/10 


803 


30-990 




PTK 787 10 mg/kg 


9/9 


44 


1->150 


420 


195-718 


7/9 


780 


<20-l000 




PTK 787 50 mg/kg 


7/9 


26 


O-103 


405 


212-600 


5/9* 


20° 


<20-799 


3 


Control 


10/10 


59 


38-139 


573 


241-944 


10/10 


690 


150-1050 




CGP57148 10 mg/kg 


7/8 


58 


4->150 


559 


185-796 


6/8 


550 


<20-I0i0 




CGP57148 50 mg/kg 


10/10 


48 


3->150 


543 


208-661 


8/10 


500 


<20-l430 



" Significantly different from control group (P < 0.05; Mann- Whitney U test). 
b Significantly different from control group (P < 0.0 1; x 2 test). 



Table 2 Effect of treatment with PTK787 on the levels of angiogenic cytokines in the serum and PE of PC14PE6 cell-bearing nude mice 
Data shown represent mean ± SD of three mice. 





VEGF/VPF (ng/ml) 


bFGF (ng/ml) 


IL-8 (ng/ml) 


Treatment 


Serum 


PE 


Serum 


PE 


Serum 


PE 


Control 

PTK 787 10 mg/kg 
PTK 787 50 mg/kg 


<0.09 
<0.09 
<0.09 


60.99 ± 36.36 
63.85 ± 17.10 
73.70 ± 21.54 


0.02 ± 0.03 
0.03 ± 0.06 
0.04 ± 0.07 


0.23 ±0.17 
0.p7 ± 0.03 
0.39 ± 0.33. 


0.07 ±0.15 
0.52 ± 0.0 1 
0.73 ± 0.32 


3.33 ± 1.09 
2.99 ± 0.34 
4.10 ± 0.56 



CGP57 1 48 was started earlier (on day 7) than therapy with PTK 
787, it had no significant therapeutic effects on the formation of 
PE or lung metastasis. These results suggest that PTK 787 
specifically inhibits PE formation produced by PC14PE6 cells. 
It also inhibited lung weight (total tumor volume of lung me- 
tastases) at the highest dose (100 mg/kg) tested. On the basis of 
these results, we chose to use 50 mg/kg PTK 787 in the follow- 
ing experiments. 

Treatment with PTK 787 Inhibited Tumor Vascular- 
ization but not VEGF/VPF Expression. To better deter- 
mine the mechanism by which treatment with PTK 787 
inhibited PE formation, we examined the effect of treatment 
with PTK 787 on VEGF/VPF production by PC14PE6 cells 
in vivo. We first measured the levels of VEGF/VPF, as well 
as bFGF and IL-8, in both the serum and the PE that devel- 
oped in PTK 787-treated, PC14PE6-bearing mice treated and 
untreated controls. As shown in Table 2, treatment with PTK 
787 did not suppress the levels of VEGF/VPF, bFGF, or IL-8 
in the serum or PE. Next, we examined the effect of PTK 787 
treatment on VEGF/VPF expression in lung tumors by ISH 
and 1HC. Treatment with PTK 787 did not affect VEGF/VPF 
expression in lung metastasis produced by PC14PE6 cells 
(Fig. 2). We also found that production of bFGF or IL-8 in 
lung metastases was not affected by treatment with PTK 787 
in vivo (data not shown). However, angiogenesis (one of the 
two major phenomena induced by VEGF/VPF) quantitated in 
lung lesions of PTK 787-treated mice was inhibited com- 
pared with that of control mice (number of CD31 positive 



cells X 100 field; 34 ± 7 versus 52 ± 5; P < 0.05). This 
effect, in the absence of decreased cytokine levels, suggests 
that treatment with PTK 787 might exert its effect on endo- 
thelial cells as opposed to tumor cells. 

Treatment with PTK 787 Inhibited Vascular Perme- 
ability. The other major activity of VEGF/VPF is thought to 
be the induction of vascular hyperpermeability (13). There- 
fore, we examined the effect of treatment with PTK 787 on 
vascular permeability. Nude mice were treated with or with- 
out 50 mg/kg PTK 787 or CGP57148 for 3 days, and then a 
skin permeability assay (Miles assay) was performed. As 
shown in Fig. 3A, rhVEGF165 and PE (containing 30 ng/ml 
VEGF/VPF) caused by PC14PE6 cells induced vascular hy- 
perpermeability in control and CGP57148-treated mice. 
However, neither rhVEGF165 nor PE produced in vivo by 
PC14PE6 cells significantly enhanced permeability in mice 
treated with PTK 787. These findings indicate that treatment 
with PTK 787 can inhibit induction of hyperpermeability 
caused by VEGF/VPF, presumably by blocking VEGF/VPF 
receptor function. We further explored how many treatments 
with PTK 787 were necessary for inhibition of vascular 
permeability. Results shown in Fig. 35 indicate that a 2-3- 
day treatment with PTK 787 was enough to inhibit the 
induction of vascular permeability in this assay. 

Finally, we investigated the effect of treatment with PTK 
787 on vascular permeability of PE-bearing mice. Nude mice 
were injected with PC14PE6 cells. Five weeks later, the mice 
were given oral feeding with or without PTK 787 (50 mg/kg) 
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Fig 2 Effect of oral treatment with V\ K 
787 on VEGF/VPF expression and vascu- 
larization in lung tumors produced by 
PC14PE6 cells. PC14PE6 cells (I X 10 ) 
were injected i.v. into nude mice. Oral 
feeding with distilled water (control) or 
PTK 787 (50 mg/kg) was started 14 days 
after tumor injection and continued until 
the mice were killed. VEGF/VPF expres- 
sion in lung tumors was examined by 1SH 
and IHC Vascularization was examined 
after the staining with anti-CD31 anti- 
body, as described in "Materials and 
Methods." 



for 6 days Two h after the last oral feeding, the mice were 
Icted with Evans blue dye. Fifteen min later, the m.ce were 
SeTand PE was carefully harvested. After the centnfcg - 
tion of PE. the absorbance of the supernatant from the PE was 
measured at 630 nm. In the control group (w.thout PTK787 
S^^J- * SE)of PEwUhor wtthoutEvans 



blue dve injection was 0.465 £ 0.081 and 0.094 * 0.01 i- 
^esoectiveW These results showed that Evans blue dye- 
Z endogenous albumin had leaked into PE. ind.cat.n 
ncreased vLcular permeability of PE-beanng rruce 0 • 
Under these experimental conditions, treatment of PE-bear 
ing mice with PTK 787 significantly inhibued leak.ng of 
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Fig. 3 Effect of treatment with PTK 787 and CGP 57148 on vascular 
permeability in the skin measured by the Miles assay. A, nude mice were 
given oral feeding with distilled water (Control), CGP 57148 (50 
mg/kg), or PTK 787 (50 mg/kg) for 3 days. Two h after the last oral 
feeding, 50 u,l of PBS. rhVEGF!65 (30 ng/ml), or PE (containing 30 
ng/ml VEGF) were injected intradermal ly into nude mice preinjected 
with 0.5% Evans blue dye (200 u.1). Permeability was determined by the 
Miles assay as described in "Materials and Methods" and quantitated by 
measuring the absorbance at 630 nm. Data represent the means for 
groups of five mice; bars, SE. *, P < 0.05. B, nude mice were given oral 
feeding with distilled water (Control) or PTK 787 (50 mg/kg) for 1, 2, 
or 3 days. Two h after the last oral feeding, 50 u,l of PBS or rhVEGFl65 
(30 ng/ml) were injected intradermally into nude mice preinjected with 
0.5% Evans blue dye (200 u,l). Permeability was determined by the 
Miles assay as described in "Materials and Methods" and quantitated by 
the absorbance at 630 nm. The data represent the means for groups of 
five mice; bars, SE. *, P < 0.05. 



Evans blue dye into PE (A 630 nm : 0.229 ± 0.038; Fig. 4). 
These findings further suggest that treatment with PTK 787 
inhibited vascular permeability of PE-bearing mice. 

DISCUSSION 

Recently, we developed an animal model for PE (18) and 
found that VEGF/VPF is responsible for PE formation produced 




Fig. 4 Effect of treatment with PTK 787 on vascular permeability of 
PE-bearing mice. PCI4PE6 cells (I X 10 6 ) were injected i.v. into nude 
mice on day 0. The mice were given oral feedings with distilled water 
(Control) or PTK 787 (50 mg/kg) on days 35-40 daily. Two h after the 
last oral feeding, the mice were injected with 0.5% Evans blue dye i 100 
u.1). Fifteen min later, the mice were killed, and PE was carefully 
harvested and then centrifuged. The A 630 nm of the supematants of PE 
was measured. The data represent the means for groups of four mice; 
bars, SE. *, P < 0.05. 



by non-small cell lung carcinoma cells in this model. Here, we 
demonstrate that treatment with a VEGF/VPF receptor tyrosine 
kinase phosphorylation inhibitor, PTK 787, can inhibit PE for- 
mation by human lung adenocarcinoma ceils in this model 
through the inhibition of vascular permeability. 

The interaction of VEGF/VPF and its receptors (Flt-1 and 
Flk-l/KDR) has been shown to play an important role in angio- 
genesis of malignant diseases (25-27). Therefore, VEGFA*"PF 
and its receptors (especially Flk-l/KDR) represent ideal targets 
for antiangiogenesis therapy. PTK 787 is a selective inhibitor of 
VEGF/VPF receptor tyrosine kinase phosphorylation and has 
been shown to inhibit VEGF/VPF-mediated responses in vitro 
and in vivo (28). 

In this study, we found that PTK 787 did not affect the in 
vitro proliferation of PC14PE6 cells, whereas it specifically 
inhibited the proliferation of HDMECs (presumably expressing 
VEGF/VPF receptors) stimulated with VEGF/VPF. In addition, 
treatment with PTK 787 inhibited vascularization in lung tumors 
produced by PCI4PE6 cells, although it did not affect VEGF/ 
VPF expression in tumors formed by PC14PE6 cells. These 
findings strongly suggest that treatment with PTK 787 directly 
inhibits endothelial cell function but not tumor cell function. 

The two major functions of VEGF/VPF are induction of 
angiogenesis and vascular hyperpermeability, both of which are 
thought to be mediated mainly by Flk-l/KDR (6. 33). In this 
study, we found that treatment with PTK 787 inhibited the two 
major functions of VEGF/VPF. Treatment with the highest dose 
(100 mg/kg) of PTK 787 inhibited vascularization in the lung 
metastasis and it inhibited total tumor volume, represented by 
lung weight. However, this treatment did not significantly re- 
duce the number of lung metastases, and there was no signifi- 
cant correlation between the number of lung metastases and the 
volume of PE (Fig. 5). This is not unexpected because angio- 
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Fig. 5 Lack of correlation be- 
tween the number of visible 
lung metastases and volume of 
malignant PE. PC14PE6 cells 
(I X 1 0 6 ) were injected i.v. into 
nude mice on day 0. The mice 
(/i = 10) were given oral feed- 
ings with distilled water (con- 
trol) or PTK 787 (n = 10; start- 
ing on day 14). Daily oral 
treatments continued until day 

48. The mice were killed on day 

49, when lung metastasis and 
PE were evaluated as described 
in "Materials and Methods.** 



genesis is not necessary for small tumors (<l-2 mm in diam- 
eter; Ref. 34). On the other hand, skin vascular permeability 
induced by rh VEGF/VPF or PE (containing VEGF/VPF) was 
significantly inhibited by treatment of the mice with PTK 787 as 
shown in Fig. 3. Moreover, treatment with 50 mg/kg PTK 787 
for 6 days significantly inhibited the vascular permeability of 
PE-bearing mice (Fig. 4). Collectively, these findings suggest 
that a primary mechanism by which treatment with PTK 787 
inhibited PE was suppression of vascular permeability. 

Lung cancer is the leading cause of malignant PE (1), and 
at least 25% of all of the patients with lung cancer will develop 
PE at some time during the course of the disease (35). The 
standard treatment for PE, drainage followed by instillation of 
sclerosing agents, produces variable results (1,4, 36). We found 
recently that in a nude mouse model for non-small cell lung 
carcinoma cells, PE formation directly correlates with expres- 
sion of VEGF/VPF by the tumor cells. Moreover, the levels of 
VEGF/VPF in malignant PE of lung cancer patients are much 
higher than that in PE caused by benign diseases, including heart 
failure and pulmonary tuberculosis (37). In this study, we 
showed the therapeutic potential of PTK 787 against malignant 
PE caused by human lung adenocarcinoma cells in an animal 
model. 

Recently, various compounds that inhibit the function of 
VEGF/VPF and VEGF/VPF receptors, including humanized 
neutralization antibody for VEGF/VPF (38), dominant-negative 
VEGF/VPF (39), soluble VEGF/VPF receptors (26, 40), and 
low molecular weight compounds that inhibit VEGF/VPF re- 
ceptor tyrosine kinases (27) have been developed, and their 
antiangiogenic activities have been demonstrated. The main 
advantages of PTK 787 over these compounds are as follows: 
(a) PTK 787 is a smaller compound with a low molecular 
weight and is easier to synthesize; (b) PTK 787 can be admin- 
istered p.o. and hence may improve patient compliance. PTK 
787 was very effective in this animal model. The drug admin- 
istered daily for at least 35 days did not produce undesirable side 
effects. To confirm its efficacy, it will be necessary to evaluate 
the ability of PTK 787 to control malignant PE with a high level 
of VEGF/VPF in lung cancer patients receiving long-term treat- 
ment. 

In summary, we demonstrate that the p.o. -ad ministered 



VEGF/VPF receptor tyrosine kinase inhibitor PTK 787 inhibits 
the formation of malignant PE by human lung adenocarcinoma 
cells, through the inhibition of vascular permeability. Therefore, 
. PTK 787 could be useful for the control of malignant PE in lung 
cancer patients, and clinical trials are warranted. 
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Vascular endothelial growth factor (VEGF) is impli- 
cated in the angiogenesis of human colon cancer. Recent 
evidence suggests that factors that regulate VEGF ex- 
pression may partially depend on c-src-mediated signal 
transduction pathways. The tyrosine kinase activity of 
Src is activated in most colon tumors and cell lines. We 
established stable subclones of the human colon adeno- 
carcinoma cell line HT29 in which Src expression and 
activity are decreased specifically as a result of a trans- 
fected antisense- expression vector. This study deter- 
mined whether VEGF expression is decreased in these 
cell lines and whether the smaller size and reduced 
growth rate of antisense vector-transfected cell lines in 
vivo might result, in part, from reduced vascularization 
of tumors. Northern blot analysis of these cell lines re- 
vealed that VEGF mRNA expression was decreased in 
proportion to the decrease in Src kinase activity. Under 
hypoxic conditions, cells with decreased Src activity 
had a < 2-fold increase in VEGF expression, whereas 
parental cells had a > 50-fold increase. VEGF protein in 
the supernatants of cells was also reduced in antisense 
transfectants compared with that from parental cells. In 
nude mice, subcutaneous tumors from antisense trans- 
fectants showed a significant reduction in vascularity. 
These results suggest that Src activity regulates the ex- 
pression of VEGF in colon tumor cells. 



Neovascularization is a critical requirement for tumor 
growth and metastasis formation. Numerous angiogenic fac- 
tors that regulate this process have been identified (1). Among 
them is vascular endothelial growth factor (VEGF), 1 which has 
been implicated in the neovascularization of a wide variety of 
tumors (2-8). VEGF, also known as vascular permeability fac- 
tor, is a 36-45-kDa dimeric glycoprotein that has been identi- 
fied in the conditioned media from numerous cell lines and that 
is expressed in many tumors (2-12). The gene for this angio- 
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genie factor has —20% homology to platelet-derived growth 
factor and —50% homology to placenta growth factor (13, 14). 
Recently, several studies suggested that VEGF is the angio- 
genic factor most closely associated with induction and main- 
tenance of the neovasculature in human colon cancer (2, 10, 15, 
16). In primary tumors, the expression of VEGF mRNA is 
increased in tumors relative to histologically normal bowel 
mucosa (8, 17). Further studies have implicated VEGF expres- 
sion in tumor progression and metastasis. We have demon- 
strated that VEGF expression is greater in colon tumors that 
have metastasized than in nonmetastatic tumors (2). Using a 
murine model system for colon cancer, Warren et al. (16) dem- 
onstrated that a monoclonal antibody to VEGF inhibits subcu- 
taneous tumor formation in a dose- and time-dependent man- 
ner and reduces the number and size of liver metastases. " 

Although VEGF has undergone considerable study in recent 
years, the factors -in the tumor environment and subsequent 
signal transduction pathways that regulate VEGF production 
have yet to be elucidated fully. One environmental condition 
known to enhance VEGF expression is hypoxia (18-20). Re- 
cently, hypoxia was demonstrated to be mediated, in part, by 
specific activation of the protein-tyrosine kinase activity of Src 
(18). In addition, cell lines transfected with v-src (a constitu- 
tively activated homolog of c-src) have been found to have 
increased VEC 1 ? expression (21). These observations may be of 
particular relevance to colon tumorigenesis and progression 
because >80% of primary colon tumors have significantly in- 
creased Src activity (22, 23), and further increases in Src ac- 
tivity are observed in the majority of colon tumor metastases 
(22, 24). Additionally, most colon tumor cell lines are known to 
express VEGF (10). However, in the HEP3b hepatoma cell line, 
recent studies have suggested no relationship between Src 
activation and VEGF production (25). 

A potential relationship between Src activation and VEGF 
production in colon tumor cells has yet to be demonstrated. 
Recently, we established stable subclones of the well character- 
ized human colon adenocarcinoma cell line HT29 in which Src 
expression and activity are decreased as a result of a transfected 
antisense expression vector specific for inhibition of Src (26). The 
cell lines demonstrated decreased growth in nude mice propor- 
tionately to the reduction in c-src levels (26). The purpose of this 
study was to determine whether VEGF expression and associ- 
ated biologic activity were decreased by specific down-regulation 
of Src kinase activity and whether the smaller size and reduced 
growth rate of antisense vector-transfected cell lines in vivo 
might result, in part, from reduced vascularization of tumors. 

EXPERIMENTAL PROCEDURES 

Construction of c-src Expression Vectors — A construct spanning the 
translation start site of c-src was generated by annealing two primers, 
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5' - AGCTTGG ACC ATGGGTAGC AAC AAGAGC AAGCCC AAGGAT-3 ' 
and 5'^AGATCCTTGGGCTTGCTCTTGTTGCTACCCA 
3'. The sense construct was synthesized in a similar manner with 
primers 5^AGCTATCCTTGGGCTTGCTCTTC^ 
CT-3* and 5 ' -CTAG AGGACC ATGGGTAGC AAC AAGAGC AAGCCC A- 
AGGAT-3'. The pcDNAI plasmid (Invitrogen, San Diego, CA) was then 
digested with HindlU and Xbal, and a ligation reaction was performed 
to insert the sense and antisense constructs. Escherichia coli was trans- 
formed by the plasmids; selected clones were harvested; the bacteria 
were lysed by alkali treatment; and the plasmids were purified. Con- 
firmation of the correct insert was determined by the polymerase chain 
reaction (PCR) followed by DNA sequencing. 

Transfection— HT29 parental (HT29-P) cells were grown to 70% con- 
fluency under the conditions described below. Cells were transfected in 
serum-free medium for 6 h with 100 jig of LipofectAMINE (Life Tech- 
nologies, Inc.) and 16 /ig of plasmid DNA. The medium was then 
replenished with medium supplemented with 250 /xg/ml G418 (Life 
Technologies, Inc.). Colonies resistant to G418 were expanded, and the 
resulting clones were screened for expression and activity of Src, as 
described below. 

Cell Culture— HT29 cells, derived from a colon adenocarcinoma (27), 
were maintained in Dulbecco's modified Eagle's medium (DMEM) with 
Earle's salts and 2 mM glutamine (Life Technologies, Inc.) supple- 
mented with 10% fetal bovine serum (FBS; Hyclone Laboratories, Lo- 
gan, UT). Stable HT29 subclones expressing c-src "sense" (HT29-S8 and 
HT29-S20) and "antisense" (HT29-AS15 and HT29-AS33) constructs 
were also maintained under these conditions, except that the medium 
was supplemented with 250 jig/ml G418. For experiments examining 
the effect of tumor cell -conditioned medium on endothelial cell prolif- 
eration, HT29-P cells and subclones were grown to 100% confluence in 
DMEM supplemented with 1% FBS for 24 h. 

Immunoprecipitation and Immune Complex Kinase Assays — Prior to 
lysis, cells were rinsed twice with ice-cold phosphate-buffered saline 
(PBS). Detergent lysates were made in a standard radioimmune pre- 
cipitation assay buffer. Cells were homogenized and clarified by cen- 
trifugation at 10,000 x g. Cell lysates (250 fig of protein) were reacted 
for 2 h with either monoclonal antibody 327 (Oncogene Science Inc., 
Cambridge, MA) for immunoprecipitation of Src or monoclonal antibody 
1B7 (Wako Byproducts, Richmond, VA) for immunoprecipitation of 
Yes. Immune complexes were formed by incubation with 6 /ig of rabbit 
anti-mouse IgG (Organon Teknika, Durham, NO for 1 h and then with 
50 fil of 10% (v/v) Formalin-fixed Pansorbin {Staphylococcus aureus, 
Cowan strain; Calbiochem) for 30 min. Pellets were washed three times 
in a buffer consisting of 0.1% Triton X-100, 150 mM NaCl, and 10 mM 
sodium phosphate. Immune complex kinase assays were performed by 
standard procedures as described previously (22). Briefly, reactions 
were initiated by adding to each sample 10 /xCi of [y- 32 P]ATP, 10 mM 
Mg 2 *, and 100 jim sodium orthovanadate in 20 mM HEPES. After 10 
min at 25 °C, reactions were terminated by adding SDS sample buffer. 
Proteins were separated by SDS-polyacrylamide gel electrophoresis on 
$% polyacrylamide gels, and radioactive proteins were detected by 
autoradiography . 

Immunoblotting— Clarified cell lysates (250 ^tg/lane) were separated 
by SDS-polyacrylamide gel electrophoresis on 10% polyacrylamide gels 
and electroblotted onto nitrocellulose membranes (Schleicher & 
Schuell) using standard procedures (22). Membranes were blocked with 
15% skimmed milk in PBS and then incubated with anti-Src or anti-Yes 
antibodies at a 1:1000 dilution followed by horseradish peroxidase- 
conjugated rabbit anti-mouse IgG. Specific binding of antibody was 
determined using the ECL detection system (Amersham Corp.). 

mRNA Extraction and Northern Blot Analysis— Poly adenyla ted 
raRNA was extracted from tumor cells grown under confluent condi- 
tions in culture using the TRI reagent kit (Molecular Research Center, 
Inc. Cincinnati, OH). Twenty ug of total RNA was fractionated on 1% 
denaturing formaldehyde-agarose gels, transferred to a Hybond nylon 
membrane (Amersham Corp.) by capillary elution, and UV -cross-linked 
at 120,000 pJ/cm 2 using a UV Stratalinker 1800 (Stratagene, La Jolla, 
CA). Following prehybridization, the membranes were probed for VEGF 
and glyceraldehyde-3-phosphate dehydrogenase. Each cDNA probe was 
purified by agarose gel electrophoresis, recovered using a QIAEX gel 
extraction kit (QIAGEN Inc., Chatsworth, CA), and radiolabeled by the 
random primer technique using a commercially available kit (Amer- 
sham Corp.) that utilizes la- 32 P}dCTP ( Amersham Corp.). Nylon filters 
were washed at 65 °C with 30 mM NaCl, 3 mM sodium citrate (pH 7.2), 
and 0.1% (w/v) SDS. Autoradiography was then performed. 

A 1.2S-kilobase glyceraldehyde-3-phosphate dehydrogenase probe 
(American Type Culture Collection, Rock vi He, MD) was used as an 
internal control The VEGF probe, a 204-base pair fragment of human 



VEGF cDNA, was a gift from Dr. Brygida Berse (Harvard Medical 
School, Boston, MA) (17). 

Semiquantitative Reverse Tra nscnp t ion- Polymerase Chain 
Reaction — cDNA was synthesized from total RNA extracted from 
HT29-P cells and antisense cell lines (HT29-AS33 and HT29-AS15) by 
reverse transcription (RT) in a 20-jil reaction containing 0.5 pig of 
random primers (Life Technologies, Inc.), 200 units of Superscript™ 
RNase H" reverse transcriptase (Life Technologies, Inc.), 0.1 ixg of 
mRNA, 4 nl of 5 x RT buffer (375 mM KC1, 250 mM Tris-HCl (pH 8.3 at 
room temperature), and 15 mM MgCl 2 ), 5 mM dithiothreitol, 0.1 mM each 
dNTP, 20 units of RNasin (Life Technologies, Inc.), and diethyl pyro- 
carbonate-treated water. Each mixture was incubated at 37 °C for 1 h 
and then quick-chilled on ice. 

Each PCR was performed using a 50- reaction mixture containing 
5 jtl of RT reaction mixture, 1 x PCR buffer (50 mM KC1, 10 mM 
Tris-HCl (pH 9.0 at room temperature), and 1% Triton X-100), 0.2 mM 
dNTP, 1.5 mM MgCl 2 , 2.5 units of Taq polymerase (Promega, Madison, 
WI), 50 pmol/fil VEGF primers, and 50 pmol/jil 0-actin primers. The 
mixture was overlaid with mineral oil and then amplified with a 
TemTronic DNA amplification system using the following amplification 
profile: an initial denaturation at 94 °C for 5 min, denaturation at 93 °C 
for 1 min, annealing at 59 °C for 1 min, extension at 72 °C for varying 
cycle numbers, and a final elongation step at 72 C C for 10 min. The PCR 
products were then electrophoresed on a 2% agarose gel, stained with 
0.5 fig/ml ethidium bromide, visualized under UV light, and photo- 
graphed with Polaroid Type 55 positive/negative film. Specific amplifi- 
cation was determined by the size of the product on the gel relative to 
that of known DNA molecular weight marker V (Boehringer Mann- 
heim). The amount of PCR product was determined by measuring the 
density of the specific bands on the negative film with a densitometer. 

RT products were amplified by PCR using specific primers for 0-actin 
(design of primers based on published sequence (GenBank™/EMBL 
Data Bank accession number M10277)) (sense, 5 -ACACTGTGCCC- 
ATCTACGAGG-3'; and antisense, 5 ' -AGGGGCCGGACTCGTC ATACT- 
3') and for VEGF (28) (sense, 5 ' -C AC ATAGGAG AGATG AGCTTC-3 ' ; 
and antisense, 5'-CCGCCTCGGCTTGTCACAT-3') in separate reac- 
tions for 18-28 cycles under the above conditions, and the products 
were quantitated by densitometry. Curves depicting product quantity 
relative to the number of PCR cycles were generated, and the PCR cycle 
number that generated product quantities representing the up-slope of 
the curve was selected for quantitative PCR of each specific set of 
primers. Semiquantitative PCR was performed for 0-actin (22 cycles) 
and VEGF (22 cycles). 

Densitometric Quantitation— Protein kinase activity and VEGF 
mRNA expression were quantitated by densitometry of autoradiograms 
using the ImageQuant™ software program (Molecular Dynamics, Inc., 
Sunnyvale, CA) in the linear range of the film. Semiquantitative PCR 
products were separated by agarose gel electrophoresis, and after 
ethidium bromide staining, they were exposed to UV light and photo- 
graphed with Polaroid Type 55 positive/negative film. The positive 
bands on the film were quantitated by densitometry using p-actin as an 
internal control. 

Determination of VEGF Protein Levels in Cell Supernatants—FoT 
these determinations, equal densities as opposed to equal numbers of 
cells were chosen because of previous experiments in colon tumor cells 
demonstrating that density affects VEGF expression (29, 30). Thus, 
HT29-P cells were seeded at 20 x 10 6 , HT29-AS33 cells at 25 x 10 6 , and 
HT29-AS15 cells at 40 x 10 s cells/100-mm tissue culture plate to 
compensate for size differences in these cells. Cells were grown for 24 h 
in DMEM/F-12 (1:1 mixture) supplemented with 10% FBS, washed 
three times with PBS, and changed to 7.5 ml of DMEM/F-12 (1:1 
mixture) supplemented with 1% FBS. Cell supernatants were collected, 
filtered, and stored at - 12 °C, and concomitantly, cell pellets were 
harvested by trypsinization, and cell number was determined. The 
amount of VEGF protein in the supernatant was determined with an 
enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, 
MN) according to the manufacturer's instructions. VEGF was expressed 
as pg of VEGF protein/10 6 cells/24 h. 

Effects of Hypoxia on VEGF Expression in HT29 P Cells and Trans- 
/ecfa/tfs— HT29-P and HT29-AS15 cells were grown to confluence in 
standard medium. The medium was changed, and cells were then 
transferred to a hypoxia chamber (Proox Model 110, Reming Bioinstru- 
ments Co., Red fie Id, NY). Control cultures were harvested just prior to 
hypoxic exposure U = 0), and protein and RNA were harvested. Iden- 
tical cultures were then incubated for 4, 6, and 24 h t and cells were 
harvested at these time points for protein and RNA analysis. 

Quantitation of Murine Tumor Microvasculature — Cells from clones 
to be tested were grown in tissue culture to log phase I - 70% confluent), 
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Fig. 1. Expression and activity of 
Src and Yes in HT29-P cells, HT29-S8 
and HT29-S20 sense transfected sub- 
clones, and HT29-AS33 and HT29- 
AS 15 antisense transfected subclones. 
Stable HT29 subclones were isolated, and 
cell lysates were subjected to immunoblot- 
ting and immune complex kinase assays 
for Src and Yes as described under "Exper- 
imental Procedures." Row A, autophospho- 
rylation of Src and Yes; row B t phosphoryl- 
ation of the exogenous substrate enolase; 
row C, relative levels of Src and Yes. 
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trypsihized, and counted with the aid of a hemocytometer. 1 X 10 s cells 
of each clone were injected subcutaneously in the flank of eight nude 
mice/cell type. For quantitation of tumor microvasculature, tumors 
were harvested after 60 days and frozen in liquid nitrogen. Cryostat 
sections of tissues previously frozen in O.C.T. compound were fixed 
sequentially (5 min each) with acetone, acetone/chloroform (1:1), and 
acetone. The sections were washed three times, and endogenous perox- 
idase was blocked with 3% hydrogen peroxide in methanol for 12 min. 
The samples were washed three times with PBS and incubated with a 
protein-blocking solution consisting of PBS containing 1% normal goat 
serum and 1% horse serum for 20 min at room temperature. Excess 
blocking reagent was drained off, and the samples were incubated with 
the primary antibody (rat anti-mouse CD31 antibody,* 1:100 dilution; 
Pharmingen, San Diego, CA) overnight at 4 °C. Sections were washed 
with PBS and incubated with the secondary antibody (peroxidase- 
labeled mouse anti-rat antibody, 1:200 dilution; Boehringer Mannheim) 
for 1 h. Sections were washed four times with PBS, rinsed briefly with 
distilled water, and then incubated with stable diaminobenzadine (Re- 
search Genetics, Huntsville, AL) for 20 min to develop the peroxidase 
signal Sections were counters tained with Mayer's hematoxylin (Sig- 
ma), washed, mounted with Universal Mount (Research Genetics), and 
dried on a 60 °C hot plate. Because heterogeneity in vascularization 
was observed, the four most vascular areas of each tumor were identi- 
fied, and vessels were quantitated. Vessel counts in HT29-P and HT29- 
AS 15 tumors were compared by two-tailed, unpaired Student's t test. 

• RESULTS 

Expression and Activity of Src and Yes in HT29 Transfec- 
tants^— Expression vectors spanning the translation start site of 
c-src in the sense and antisense orientations were made and 
transfected into HT29-P cells, and G418-resistant clones were 
isolated as described under "Experimental Procedures." Each 
clone was then screened for expression and activity of Src. To 
examine specificity of effects on Src, each clone was also 
screened for expression and activity of the related tyrosine 
kinase, Yes. The results with two antisense and two sense 
transfectants are shown in Fig. 1. When HT29-P cells were 
compared with the two sense transfectants, HT29-S8 and 
HT29 -S20, no differences were apparent in autophosphoryla- 
tion (Fig. 1, row A), phosphorylation of the exogenous substrate 
enolase [row B) f or expression of either Src or Yes (row C). In 
contrast, the antisense clone.HT29-AS15 had a 4.0-fold reduc- 
tion in Src (row C) and 4.5-fold reduction in autophosphoryla- 
tion (row A) and enolase phosphorylation (row B). Clone HT29- 
AS33 was intermediate in level and activity of Src, with 
expression reduced 2.0-fold (row C) and autophosphorylation 
(row A) and enolase phosphorylation (row B) reduced 2.5-fold. 
As is also shown in Fig. 1, neither the levels nor protein- 
tyrosine kinase activities of Yes were altered in the antisense 
transfectants relative to the sense transfectants or HT29-P 
cells. Therefore, the effects of the antisense expression vector 
were specific for Src. 

Effect of Src on VEGF mRNA Expression — Transfection of 
the parental cell line with the control expression vector (sense) 
caused a minor increase in VEGF mRNA expression (Fig. 2). 
However, the establishment of cell lines with decreased Src 
kinase activity demonstrated a decrease in mRNA expression 
at levels of 54% (HT29-AS33) and 23% (HT29-AS15) of the 
average of the sense transfected cell lines. This incremental 
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Fig. 2. Expression of VEGF mRNA in experimental colon can- 
cer cell lines. VEGF mRNA expression as determined by Northern 
blot analysis (described under "Experimental Proced*ires w ) in cell lines 
with decreased Src kinase activity (HT29-AS15 and HT29-AS33) is com- 
pared with that in control cell lines (HT29-P, HT29-S3, and HT29-S20). 
kb, kilobase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 

decrease in VEGF mRNA expression correlated with the alter- 
ation in Src kinase activity: the transfected cell line that ex- 
hibited the greatest decrease in Src kinase activity (HT29- 
AS15) also exhibited the greatest decrease in VEGF mRNA 
expression. > 

Effect of Src on Expression of Various Isoforms of VEGF — 
Semiquantitative PCR of the various isoforms of VEGF dem- 
onstrated a decrease in overall VEGF expression in both HT29- 
AS33 and HT29-AS15 cells (Fig. 3). The most abundant isoform 
expressed was VEGF-165. There was a relatively equal de- 
crease in the expression of ail VEGF isoforms in the antisense 
clones. The overall decrease in VEGF expression in the anti- 
sense clones by semiquantitative RT-PCR confirmed our find- 
ings by Northern blotting. 

Determination of VEGF Protein Levels in Cell Superna- 
tants — To examine direcviy the amount of VEGF protein pro- 
duced in the various clones, supernatants from cultures grown 
to identical confluencies were harvested, and VEGF expression 
was determined by enzyme-linked immunosorbent assay. A 
decrease in VEGF protein was observed in the supernatant of 
cells with decreased Src activity (Fig. 4). This decrease was 
proportional to the decrease in Src activity in the two antisense 
transfected cell lines. These results demonstrate that de- 
creased expression of mRNA corresponds with decreased 
VEGF protein expression. 

Effects of Hypoxia on VEGF Expression in HT29-P Cells and 
Transfectants — The above results demonstrate that the expres- 
sion of Src in colon tumor cells leads to the cons titutive expres- 
sion of VEGF, a critical factor in tumor cell growth. However, 
neovascularization of tumors also results from local hypoxia as 
the tumor volume exceeds its blood supply. As hypoxic stimu- 
lation of VEGF in fibroblasts has been associated with activa- 
tion of Src protein-tyrosine kinase, we examined the response 
to hypoxia in HT29-P and transfected subclones. Cells were 
grown to equal densities, transferred to hypoxic chambers, 



Src Regulation of Vascular Endothelial Growth Factor 



1055 



tV* <VV- esT 




- Actin 

■ VEGF 189 
' VEGF 165 

■VEGF 121 



Fig. 3. Expression of the various isoforms of VEGF in the 
experimental cell lines. As described under "Experimental Proce- 
dures/ RNA was isolated from the cell lines, and cDNA was synthesized 
by reverse transcription. The polymerase chain reaction with primers 
specific for VEGF was then used to amplify the cDNA; 0-actin was used 
as an internal control. 
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Fig. 4. VEGF protein levels in the supernatant from cells with 
decreased Src activity. HT29-P, HT29-AS33, and HT29-AS15 cells 
were plated at 100% confluence and grown in DMEM/nutrient mixture 
F-12 supplemented with 1%:FBS for 24 h as described under "Experi- 
mental Procedures. 1 * Cells were counted, and VEGF protein levels were 
determined by enzyme-linked immunosorbent assay. VEGF protein 
levels are expressed as pg of VEGF protein/10 6 cells/24 h. 



harvested at specific times, and processed for RNA and protein 
as described under "Experimental Procedures." For these stud- 
ies, HT29 parental cells were compared with HT29-AS15, the 
antisense transfectant expressing the least Src. The ability of 
hypoxia to induce VEGF mRNA in these clones is compared in 
Fig. 5. VEGF mRNA was markedly induced in a time-depend- 
ent manner in HT29-P cells, with a > 50-fold increase observed 
after 24 h. In contrast, a <2-fold increase in VEGF mRNA 
expression was observed, in HT29-AS15 cells. These results 
demonstrate that not only is the constitutive production of 
VEGF reduced by lowering Src expression, the ability of hy- 
poxia to induce further expression of VEGF is severely im- 
paired. To confirm that induction of VEGF mRNA by hypoxia 
was Src-dependent, the expression and activity of Src were 
compared in these clones under identical conditions. In HT29-P 
cells, Src kinase activity was stimulated in a time-dependent 
manner, with a maximum stimulation of 4.5-fold occurring 4 h 
after the onset of hypoxic conditions, whereas only a 1.1-fold 
increase in activity was observed in HT29-AS15 cells under 
identical conditions (data not shown). 

Effect of Src on in Vivo Tumor Vascularity— For this deter- 
mination, HT29-P and HT29-AS15 cells were implanted in the 
subcutis of nude mice as described under "Experimental Pro- 
cedures." Tumors were harvested when they were —1 cm in 



diameter. Mean vessel counts were determined by counting the 
most vascularized areas of the respective tumors, after immu- 
nostaining with rat CD31 antibody, as described. In tumors 
grown from HT29-AS15 cells, vessel counts were significantly 
reduced relative to those tumors grown from HT29-P cells 
(31.8 ± 2.8 versus 53.0 ± 1.5 (mean ± S.E.), respectively; p < 
0.0001) (Fig. 6). These results demonstrate that reduction in 
constitutive and inducible VEGF production in c-src antisense 
transfected clones corresponds with decreased vascularization 
of the tumor. However, we cannot rule out that other factors, 
such as different growth rates and metabolic requirements, 
contribute to changes in tumor vascularization. 

DISCUSSION ^ 

Angiogenesis is an essential step in tumor growth and me- 
tastasis, and this process is driven by the balance of positive 
and negative effector molecules (31). In human colon cancers 
and established cell lines, VEGF appears to be the angiogenic 
factor most closely associated with neovascularization. Several 
lines of evidence implicate VEGF production as important to 
colon tumorigenicity and/or metastatic potential. Increases in 
VEGF are observed in primary tumors relative to normal tissue 
(7, .8) and in metastatic tumors relative to nonmetastatic tu- 
mors (2, 3). Using colon tumor cell lines in mouse models, 
Warren et al (16) found that a VEGF antibody greatly inhibits 
the growth of subcutaneous xenografts and the number and 
size of experimental metastases. These results suggest that the 
production of VEGF is important to colon tumor cell growth 
and progression. However, other factors have also been impli- 
cated in the process of colon cancer angiogenesis. Subcutaneous 
injection into nude mice of several HT29 subclones with varying 
degrees of differentiation has demonstrated a positive correlation 
between vessel counts and the ability of the:; cells to express 
platelet-derived growth factor-B in vitro (32). Thus, in different 
subclones from even the same cell line, different angiogenic fac- 
tors might be important to induction of neovascularization. 

The signal transduction pathways by whichlVEGF is induced 
remain to be elucidated fully. However, recent experiments 
have implicated specific activation of the protein-tyrosine ki- 
nase activities of the src family of proto-oncogenes as important 
in the induction- of VEGF. Mukhopadhyay et ai. (18) examined 
the role of activated c-src in hypoxic induction of VEGF. Hy- 
poxia was found to increase VEGF expression in U87 glioma 
cells and 293 kidney cells, and this induction was inhibited by 
genistein, an inhibitor of tyrosine kinases. When the effects of 
hypoxia on src family protein-tyrosine kinases were analyzed, 
Src activity, but not Yes or Fyn activity, was increased. Trans- 
fection of v-src into U87 glioma cells and 293 kidney cells also 
increased the hypoxic induction of VEGF, whereas transfection 
of cells with a dominant-negative form of c-src partially inhib- 
ited VEGF induction. To examine the potential role of Src in 
hypoxic induction of VEGF, fibroblasts derived from mice with 
a c-src disruption were employed. These cells exhibited a 50- 
70% decrease in hypoxic induction of VEGF : mRNA, with a 
compensatory activation of Fyn. These results strongly suggest 
a specific role for Src in promoting angiogenesis. In addition, 
Rak et al. (33) demonstrated that transfection with v-src in- 
creased VEGF expression and induced tumorigenicity in an 
immortalized rat intestinal epithelial cell line. Conditioned 
media from cells transfected with v-src were able to increase 
endothelial cell proliferation, and this increase was blocked by 
the addition of antibodies to VEGF. These results suggest that 
activation of Src is important to VEGF induction in several cell 
systems. In contrast, in HEP3b hepatoma cells, hypoxic induc- 
tion of VEGF did not appear to be Src-dependent (25). 

Several laboratories have demonstrated that the specific ac- 
tivity of Src is greatly increased in the majority of colon tumors 
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Fig. 5. Expression of VEGF mRNA 
in HT29-P and HT29-AS15 ceils after 
hypoxia. Cells were grown to confluence " 
and then incubated under hypoxic condi- 
tions as described under "Experimental 
Procedures." Cells were harvested at the 
time points indicated, and VEGF mRNA 
expression was determined by Northern 
blot analysis. Data are expressed as -fold 
increase over control cells for each cell 
line at t = 0 (prior to hypoxic exposure) 
using 28 S ribosomal RNA as an internal 
control. 
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Fig. 6. Immunohistochemical staining for vessels in tumor xe- 
nografts. Subcutaneous tumors were grown in nude mice from the 
HT29-P and HT29-AS15 ceil lines. The tumors were embedded in par- 
affin and stained for endothelial cells with CD31 antibodies as de- 
scribed under "Experimental Procedures." 



and cell lines (22, 23, 34). The importance of this activation to 
colon cell tumorigenicity has been uncertain. Recently, we de- 
veloped cell lines from HT29-P cells with reduced c-src expres- 
sion and activity by transfection with an antisense expression 
vector specific for c-src (26). These cells proliferate more slowly 
than parental cells in vitro, and tumorigenicity in nude mice is 
reduced (26). Furthermore, tumors from antisense transfec- 



tants were limited in size, even after >1 year of growth in mice. 
Therefore, the present , study was undertaken to determine 
whether limited growth, in part, resulted from reduced expres- 
sion and/or induction of VEGF in the antisense transfected cell 
lines. The results in this paper demonstrate that reduction of 
Src expression and activity, but not those of the related Yes, 
directly corresponds to decreased levels of VEGF mRNA and 
decreased biologic activity of VEGF. Furthermore, fewer blood 
vessels are observed in tumors that form after injection of the 
cell lines transfected with the Src antisense constructs. These 
results suggest that in addition to the role of Src in regulating 
cell proliferation, activation of Src in colon tumorigenesis may 
promote tumor growth via induction of VEGF, which in turn 
induces neovascularization. Further evidence for this possibil- 
ity was derived from studies on the effect of hypoxia on induc- 
tion of VEGF mRNA expression in HT29 parental cells and the 
antisense transfected clone HT29-AS15. In the HT29 parental 
cells, a > 50-fold induction of VEGF mRNA was observed. This 
induction far exceeded that observed by Mukhopadhyay et al. 
(18) in fibroblasts, where hypoxia resulted in a maximum 4.5- 
fold induction of VEGF mRNA. Our results therefore suggest 
that the higher expression and specific activity of Src kinase in 
colon tumor cells can augment the ability of hypoxia to induce 
VEGF. However, in HT29-AS15 cells, in which c-src expression 
has been reduced 4-fold, the ability of hypoxia to induce VEGF 
mRNA is severely impaired. These results suggest that in this 
colon tumor cell system, Src kinase regulates both inducible 
and constitutive pathways leading to VEGF production. Fur- 
ther confirmation of the ability of Src kinase to regulate induc- 
ible VEGF expression was derived from a study of Fleming et 
al (30), in which the ability of cell density to up-regulate VEGF 
expression was diminished in the antisense transfected clones 
relative to HT29 parental cells. 

While our results suggest that constitutive Src activation 
may be a primary pathway leading to production of angiogenic 
factors in colon cancer, other pathways resulting from genetic 
changes in colon cancer may also be responsible for the induc- 
tion of angiogenic factors. For example, 40-50% of colon tu- 
mors are known to have activating ras mutations (35, 36), and 
previous studies have demonstrated that Ras activation is suf- 
ficient to induce VEGF (33, 37). Additionally, in 293 kidney 
cells, induction of the promoter of VEGF by transfection of v-src 
is inhibited by overexpression of wild-type p53 (21). Approxi- 
mately 50-60% of colon cancers exhibit p53 mutations (38), 
whereas >80% contain activated Src kinase. The relationship 
between p53 status, Src activation, and VEGF production in 
colon tumor cells thus requires further study. Nevertheless, the 
data presented in this paper suggest an important role for Src 
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activation and VEGF expression in the tiunorigenicity, pro- 
gression, and vascularization of human colon tumors. 
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We tested the potential role of vascular endothelial 
growth factor (VEGF) and of fibroblast growth fac- 
tor-2 (FGF-2) in the angiogenesis associated with ex- 
perimental liver fibrogenesis induced by common 
bile duct ligation in Sprague-Dawley rats. In normal , 
rats, VEGF and FGF-2 immunoreactivities were re- 
stricted to less than of hepatocytes. One week after 
bile duct ligation , hypoxia was demonstrated by the 
immunodetection of pimonidazole adducts unevenly 
distributed throughout the lobule. After 2 weeks, hyp- 
oxia and VEGF expression were detected in >95% of 
hepatocytcs and coexisted with an increase in peri- 
portal vascular endothelial cell proliferation, as as- 
certained by Ki67 immuno labeling. Subsequently , at 3 
weeks the density of von WUlebmnd- labeled vascular 
section in fibre* tic areas significantly increased. Semi- 
quantitative reverse transcription polymerase chain 
reaction showed that VEGF l20 and VEGF lS4 tran- 
scripts, that correspond to secreted iso forms, in- 
creased within 2 weeks, while VEGF 1HH transcripts 
remained unchanged. FGF-2 mainly consisting of a 
22-kd Isoform, according to Western blot, was iden- 
tified by Inununohistochemistry In 49% and 100% of 
hepatocytes at 3 and 7 weeks, respectively. Our data 
provide evidence that in biliary-type liver fibrogen- 
esis, angiogenesis is stimulated primarily by VEGF in 
response to hepatocellular hypoxia while FGF-2 likely 
contributes to the maintenance of angiogenesis at 
later stages. (Am J Patbol 1999, 155:1065-1073) 

In their pioneering studies. Raopaport and co-workars 
showed that the development of scars in the cirrhotic liver 
was invariably accompanied by an intense vascular pro- 
liferation. These authors suggested that tissue remodel- 
ing and fibrous repair might represent the Voad builder** 



for collateral flew in cirrhosis 1 Their observations nave 
been fully confirmed by others showing that in cirrhotic 
tissues, the regenerative nodules are surrounded by a 
dense vascular plexus. 2,3 -Yet t the mechanisms triggering 
this intense vascular proliferative response remain to be - 
determined. 

Vascular endothelial growth factor (VEGF) ana fibro- 
blast growth factor-2 (FGF-2) are the most potent angio- 
genic factors- identified thus far. Their role in vascular 
proliferation associated with tumor growth or wound heal- 
ing has been widely documented in different organs. 4 In 
addition, it has been demonstrated that hypoxia was the. 
main inducer of VEGF expression 5 which, in turn, stimu- 
lates local proliferation of capillaries to increase oxygen 
delivery. Besides beneficial effects, this vascular re- 
sponse may nevertheless also result in deleterious ef- 
fects best illustrated by tumor growth and proliferative 
retinopathy. 6 ' 7 

We and others 3,9 have recently -observed an up-regu- 
lation of VEGF in the cirrhotic liver of patients with or 
without hepatocellular carcinoma, suggesting that this 
factor might be responsible for cirrhosis-associated an- 
giogenesis. Jntrahepatic shunts and capillarization of si- 
nusoids are well established characteristics of cirrhosis 
that restrici the access of blood solutes to hepato- 
cytes. 10 " 12 In addition, a decrease in the hepatic micro- 
vascular perfusion secondary to biliary obstruction in rat 
has been recently shown to occur long before the onset 
of cirrhosis, within 7 days following bile duct ligation 
(3DL). T3 Whether these vascular morphological . and 
functional alterations may induce chronic hypoxia in the 
fiorotic liver and thereby elicit an angiogenic response is- 
unknov/n.. 

The aim of the present study was to investigate the role 
of VEGF and FGF-2 in an experimental model of biliary 
fibrosis. We next studied the role of hypoxia in triggering 
VEGF excression arid thereby in stimulating angiogene- 
sis in this model. 



Supported by grants frcm the Oolagatfon a la Recherche Cfinique at 
Assistance PubBque-HOpitaux de Paris (pnject CRC961S1) and U.S. 
Nationai Cancer institute Grant R42 CA63326. 
Accepted =cr publication Juns 3. 1999. 

Address -eprint requests to Olivier Robnorduc, M.D.. Ph.O.. Service 
d'Hepatogastrosnterctogie.>:6p:ta) Saint-A-uoina. 134 rue du FaucCurg 
Saint-Artoire, 75571 Paris Cedex :2. Francs. E-mail: Olivier .rosmorduc® 
sat ap-nop-paris fr 



1065 



1066 Rosmorduc et al 

AJP October J99fl Vol 155, A'y. 4 



Materials and Methods 

Animal Model of Cholestatic Liver Injury 

Male Sprague-Dawley rats were used at a body weight of 
200 to 250 g. The common oiie duct was iigateo as 
described previously' 4 while normal and sham-operated 
rats were used as controls. At various times after surgery 
(3 days, 1, 2, 3. 4, 5. 6, and 7 weeks), rats were euiha- 
ni2ed with an overdose of ketamine (Parke-Davis. Cour- 
bevoie, France). Cholestasis was monitored by serum 
bilirubin level. At the time of sacrifice, arterial and mixed 
venous blood samples were withdrawn for the measure- 
ment of oxygen tension (P0 2 ) and liver tissue was pro- 
cessed as described below. 

Histology and Immunohistochemistry 

Uver samples were fixed in 1C% buffered formalin, par- 
affin-embedded and sectioned at 4 jmm. Tissue sections 
were stained with hematoxylin-phloxin-safran before 
standard histology. Immunolabeling was performed us- 
ing polyclonal antibodies against VEGF (a goat poly- 
clonal IgG: sc-152-G and a rabbit polyclonal IgG: sc-507) 
(1:100) (Santa Cruz Biotechnology, Santa Cruz, CA) and 
FGF-2 (1:100) (Santa Cruz Biotechnology) and monoclo- 
nal antibodies against von Willebrand factor (vWF) (1: 
200) (Dako. Giostrup. Denmark). An avidin-biotin-perox- 
idase technique (Vectastain ABC Kit, Vector, Burlingame. 
CA) was used for VEGF, FGF-2, and vWF detection. For 
vWF, immunoperoxidase was performed after microwave 
antigen retrieval (750 W, 3 x 5 minutes in citrate buffer 
0.01 mol/L, pH 6). Before immunostaining, endogenous 
biotin was blocked using a commercial kit (Eurcbio, 
France) and endogenous peroxidase activity was inhib- 
ited in 3% alcoholic nydrogen peroxide for 30 minutes. 
Color development was achieved with 3-amino-9 ethyl 
carbazole. The controls were obtained by emitting the 
first antibody and were al! negative. Two independent 
sections of each sample were evaluated. The cells ex- 
hibiting a moderate to intense signal for VEGF and FGF-2 
were considered as positive and counted. At ieast 400 
hepafocytes were analyzed in two independent fields. 
Cell proliferation was assessed by means of a three-step 
immunoperoxidase method with a monoclonal antibody- 
raised against Ki67 (Novocastra. .Newcastle, UK). The 
cell nuclei were identified as positive or negative and 
counted. At least 1200 hepatocytes and 600 bile duct 
epithelial cells were analyzed in three independent fields. 
Endothelial cell proliferation was assessed by counting 
the percentage of Ki67 positive endothelial cell nuclei in 
the periportal vessels of five independent high-magnifi- 
cation (x400) fields per animal. The vascular density in 
the periportal fibrosis was assessed by determining the 
count of vWF-iabeled vessel sections in 10 successive 
high-magnification (X400) fields per animal using an eye- 
piece witn a net micrometer (Carl Zeiss, Jena, Germany). 
The liver samples of at least two rats at each time point 
(normal rats, 1, 3, and 6 weeks after 3DL) were exam- 
ined. The same procedure was applied to determine the 
count of bile duct -sections. For endothelial cell prolifera- 



tion and vascu ar density data, mean values for more 
than two groups (at each time point) were compared by 
analysis of variance (Kruskall-Wallis test) and in case of 
significance, Scheffe or Games-Howell tests were used 
to detect difference between single groups. Ail results 
were expressed as mean - SEM. 

Reverse Transcription Polymerase Chain 
Reaction Analysis of VEGF Transcripts 

Total RNAs were extracted by a guanidinium :hiocyanate 
based method using a commercial kit (Trizol, Gibco 
BRL). Five micrograms of RNAs were reverse transcribed 
using a commercial kit (Pharmacia Biotech). Samples of 
cDNA were subjected to VEGF amplification combined 
with GAPDH co-amplification by polymerase chain reac- 
tion (PCR). The VEGF and GAPDH oligonucleotide prim- 
ers were designed based cn published rat cDNA se- 
quences in EMBL database. Tie VEGF sense primer was 
5 ; -ACCTCCACCATGCCAAGT-3' (position on cDNA: 54- 
71 ) and the antisense primer was S'-TAGTTCCCGAAAC- 
CCTGA-3' (position on cDNA: 602-619). The GAPDH 
sense primer was 5'-CCATGGAGAAGGCTGGGG-3' 
(position on cDNA: 335-352) and the antisense primer, 
5'-CAAAGTTGTCATGGATGACC-3' (position on cDNA: 
51 0-529). PCR was performed in a 50-ptl reaction mixture 
containing: 10 mmol/L Tris-HCI, pH 9.0); 50 mmoi/L KCi; 
1 .5 mmol/L MgCI 2 ; 0.2 mmol/L dNTPs; 25 pmol/L of each 
VEGF primer; and 2.5 pmol/L of each GAPDH primer. The 
PCR conditions were as follow: 94°C for 7 minutes, then 
25, 28, 31, 34, and 37 cycles of 1 minute denaturation at 
94^C, 1 minute annealing at 57°C, 1 minute 30 seconds 
extension at 72°C, and a 10-minute terminal extension at 
72°C. To monitor the kinetics of PCR product formation, 
aliquots were withdrawn at different PCR cycles and an- 
alyzed by Southern blot after hybridization of the mem- 
brane with specific VEGF and GAPDH 32 P-iabeled 
probes. PCR products were semiquantified- by optical 
density scanning of the blot. 

Western Blot Analysis of FGF-2 Expression 

Tissue samples were homogenized using an all-glass 
homogenizer in ice-cold lysis buffer (Tris 20 mmol/L, pH 
7.5; NaCI, 150 mmol/L; SDS, 2%; EDTA, 5 mmoi/L; apro- 
tinin. 5 mg/ml; leupeptin, 1 mg/mi; pepstatin, 0.7 mg/mi; 
AMosyl-L-lysine chloromeihylketone, 50 mg/mi; /V-tosyk- 
pnenylalanine chlorornethylketone, 100 mg/ml; soybean 
trypsin inhibitor, 100 mg/ml; phenyimethysuifonyl fluo- 
ride, 1 mmol/L) and then sonicated. The celluar debris 
were pelleted by two 20-minute centrifugations ( 1 5,000 x 
g) at 4°C. Tne protein concentration was determined by 
the BCA protein assay (Pierce. Rockford, IL) and aliquots 
were stored at -30 C C. Equal amounts of proteins were 
heated at 95°C for 4 minutes in SDS. dithiothreitol, and 
j3-mercaptoethanol containing sample buffer and frac- 
tionated by 12% SDS-PAGE. After transfer onto a nitro- 
cellulose membrane, FGF-2 was detected by using a 
rabbit anti-FGF-2 oolycbnal antibody (Santa Cruz Bio- 
technology) at a dilution of 1:500. Immune complexes 



Hypoxia-lnduced Angtogenesis in Biliary Cirrhosis 1067 

AJP October lh*J9 t VoL 155, No, 4 



were revealed by means of a horseradish peroxidase- 
conjugated anti-rabbit IgG antibody and an enhanced 
chemiluminescence kit (Amersnam). 

Hypoxia Assay 

Pimonidazole binding has been used to assess changes 
in hepatic tissue oxygenation. 15 Nitroimtdazole com- 
pounds such as pimonidazole are reductiveiy activated 
and covalently bound to macromoiecules in cells at low 
oxygen concentration. 15 In brief, the rats were injected 
with pimonidazole (120 mg/mi intravenously) 1 hour be- 
fore killing at 1 week, 2 weeks, and 4 weeks following bile 
duct ligation or sham operation. Liver tissue was formalin- 
fixed and embedded in paraffin. Pimonidazole adducts 
were detected in formalin-fixed paraffin-embedded tis- 
sues with a biotin-streptavidin-peroxidase indirect immu- 
nostaining method modified for rat liver as previously 
described, using a monoclonal antibody provided by 
J. A. Raleigh. 16 



Results 

Vascular Proliferation Associated with 
Cholestatic Liver Injury 

Bile duct ligation triggered major structural changes in 
the liver architecture, as previously described. 3 * 17 After 3 
days, ductular reaction was readily detectable, and after 
3 weeks, the ductular reaction was intense and associ- 
ated with extensive fibrosis. After 7 weeks, biliary cirrho- 
sis was present. Increased cell proliferation in response 
to cholestatic liver injury occurred in both parenchymal 
and nonparenchymal liver cells, as established before. 
The kinetics of cell proliferation as ascertained by Ki67 
immunolabeftng varied according to cell types: bile duct 
epithelial cells were the first to proliferate and -reached a 
plateau at 3 days, whereas the proliferation of hepato- 
cytes peaked at 1 week. The rate of positive nuclei in bile 
ducts raised from 1 .5% in norma! liver to 38% at 3 days, 
while that of hepatocytes raised from 1 .5% in normal liver 
to 18% at 1 week. Proliferation of the vascular endothelial 
cells lining periportal vessels was determined on the 
same liver sections by the number of Ki67-positive nuclei 
in these cells. While no significant change was noted up 
to 1 week, inasmuch as 1.79 i 1.79%, 6.25 ± 2.19%" (ns) 
and 13.01 ± 2.98% (ns) of nuclei were positive in normal 
rats, 3 days and 1 week after bile duct ligation, respec- 
tively, an increase in the rate of Ki67-labeled nuclei oc- 
curred thereafter and reached 27.86 ± 3.59% at 2 weeks 
(P < 0.05 as compared with normal, 3 days and 1 week) 
(Figure 1 f A and B). 

After vascular endothelial cells has been identified by 
von Wiliebrand factor immunolabeiing. vessel sections 
within the ductular reaction were counted to determine 
vascular density, as described under Materials and 
Methods. In normal rats, WVF was restricted to the endo- 
thelium of portal veins (Figure 2A) and central veins (not 
shown). One week after BDL, there was no significant 
change in vascular density (Figure 2B). In contrast, after 
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Figure 1. Time course of vascular endothelial cell proliferation after BDL 
Vascular endothelial cell proliferation was ;issessed by Ki67 immunodetec- 
tion on liver tissue sections. A reprusents the percentage of labeled endo- 
thelial cell nuclei in periportal area vessels from normal rats C DO), and 3 days 
iD3 J, I we«k { Wl i. and 1 weeks 0*'2> after HDL While no significant change 
was observed up to 1 week, an increase in the rate of Ki6'-Ubeled nuclei 
occurred at 2 weeks. All of the results are expressed as means ± SEM. * P < 
0.05. B illustrates immunodetection of Ki6? in endothelial cells of periportal 
vessels at 2 weeks. Positive nuclei are indicated by arrows. Immunoperox- 
. idase technique with hematoxylin countersiain. .Vhgniiication, x 1000. 



3 weeks and 6 weeks, there was a marked increase in 
vWF-tabeled vessels that were located within ductular 
reaction (Figure 2, C and D). The results are entirely 
consistent with the time course of vascular endothelial 
cell proliferation as shown in Figure 1 . Similarly, the pro- 
liferation of bile duct epithelial cells was followed by a 
significant increase in bile duct sections at 1 week. The 
quantification of vascular density is shown in Figure 2E 
(left) in parallel with that of ductular proliferation (Figure 
2E. right), that was assessed by the same method. How- 
ever, both proliferation events occurred at different time 
points. 

Hepatic Expression of Angiogenic Factors VEGF 
and FGF-2 in Cholestatic Liver Injury 

On liver sections from normal rats. VEGF and FGF-2 
immunolabeling was detected in the first row of perive- 
nular hepatocytes (Figure 3, A and B). In addition, 3% of 
hepatocytes unevenly distributed within the lobule dis- 
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Figure 2. AnfriajtenesLs associated with 'iic development of bOiary-rype liver f&rrviu. Vascular endothelial cells were labeled by an anti-vWF anubody in the liver 
of normal rats (A), 1 week (B\ 5 weeb (C>, and 6 weeks 'D) after BDL The numtw ni vessel sections per field at each time point is presented <;E; left paneP»: 
p.ornul ("WO); 1 week (Wl > ; 3 weeks (W3), P < O.'DOOl as compared with 1 week; and 6 weeks (W6). The number of bUe duct sections per Held was assessed 
by thr same method ( E; fight panels normal (WO); 1 week f Wl>. P < 0.05 as compared with normal: 3 <veeks ( W3>, /' < 0.0001 as compared with I week: ar.ti 
6 "weeks * All of the rctuit* are expressed as means ± SEM C" " 20): 'P< 0.05: M f*< 0.0001. ImmunooeroxidUw technique with hemato^iin counterstain 
Magnification, X400 ( A-O). 



played FGF-2 reactivity. The labeling intensity was high in 
1%, and moderate in 2% of hepatocytes (Figure 3B). No 
expression was found in the other cell types. Two weeks 
(data not shown) and 3 weeks (Figure 3C) after BDL. 
more than 95% of hepatocytes exhibited VEGF immuno- 



labeling. Seven weeks after BDL, an intense and homo- 
geneous signal for VEGF was observed in 100% of hepa- 
.tocytes (Figure 3E). VEGF immunolabeling was restricted 
to hepatocytes and was undetectable in nonparenchymal 
cells, including bile duct epithelial cells and myofibro- 
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Figure 3. Increased expression of VfcGF and FGF-2 after BDL. VEGF (A, C. E> aiul FGF-2 (B, D, Fl were detected by imniutu)hi.st(<cherr.istry. In normai rats (JA, 
B), the liver architecture was nonnal and ihe expression of \"ECF and FGF-2 was detucn.il in perivenular hepatocyte*. A few scattered hepatocytes (3 ft *>) within 
the lobule also < lis played FGF-2 immunnreaciiviry ( B\ Three weeks after BDL (C, D). at the Atage of intense ductular reaction and extensive fibrosis, more than 
95% of hepatocytes exhibited a signal for VTGF (C\ while a signal for FGF-2 was identified in 49% of hepatocytes intense in 9%. moderate in 4Crtt). At 7 weeks 
after DDL (E, Fj, at the stage of biliary cirrhosis, a signal for VEGF was detected' in i00% of hepatocytes. while a signal for FGF-2 was detected in more than 95 f «> 
of hepatocytes ( intense in iyh of hepatocytes unevenly distributed within the lobule*. Immunooeroxidase technique with hematoxylin courterstain. Magnifi- 
cation. X 100 ( A-D) and X200 (E, F>. 



blasts. A similar pattern of VEGF expression was ob- 
tained with the two different polyclonal anti-VEGF anti- 
bodies that we have used (data not shown). FGF-2 
expression also increased after BDL but the time course 
and distribution pattern differed from those of VEGF (Fig- 
ure 3. D and F). A significant signal for FGF-2 was de- 
lected in 49% (intense in 9%) of hepatocytes 3 weeks 
after BDL (Figure 3D) and in more than 95% (intense in 
35%) of hepatocytes after 7 weeks (Figure 3F). 



Since different molecular species of rat VEGF (120, 
164, and 188 amino acids) and human VEGF (121, 165, 
189, and 206 amino acids) have been identified and 
reported to be produced by alternative splicing of 
mRNA, 13 - 19 we investigated whether specific isoform 
transcripts were induced by cholestatic liver injury. We 
characterized the kinetics of expression of these different 
transcripts by RT-PCR 2, 4, and 6 weeks after BDL. 
Sham-operated rats were used as controls. Three bands 
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Figure 4. UDL-indut:ed expression or VECF trar.scripts. Whole liver RNA 
extracts were prepared from normal rats (control), rats and 2 weeks, 4 weeks, 
and 6 weeks after HOL Total RNAs f, > ug) were subjected to RT-PCR for 
VEGF and GAPHH as described under Materials and Methods. Aliquots were 
withdrawn fmrn the PCK mixture after the indicated numbers of cycles 1.25, 
28, 31, 54, arui 3?) and analyzed by Southern blotting. The signal intensities 
of bands conesponding to the 120- : 164- . and 188-amino acid VEGF isoforrns 
and to GAPDH were deieimined by scanning densitometry*. A: representative 
jutoradiograms obtained from a control animal and 4 weeks after BDL. B: 
Relative abundance of the three transcripts was determined after 31 PCR 
cycles in control and BDL rati at 2. 4, and 6 weeks (results are expressed as 
means ± SEM, n = 3>- 




Figure 5. BDL- induced express km t>f FGF-2 tsofomis. Total proteins from 
whole liver were subjected to Western blot analysis as described under 
Materials and Methods. The Lime after B1H is indicated at the top of "he lanes. 
The control consists of total proteins extracted from a normal rat liver. The 
band-s corresponding to the lS-kd i AUG). 21 -kd (0103). and 22-kd (CL'G2) 
isoforrns are indicated. FGF-2 isofonrus were quantified by scanning densi- 
tometry and the total amount of the dirTcrcnl isotonic are represented on the 
histogram at the bottom of the figure. 

' FGF-2 was the main isoform expressed in all samples 
and the 31 -kd FGF-2 initiated at CUG1 codon 23 was 
undetectable even after long time exposures. 

We concluded from these data that cholestatic liver 
injury induces within 2 weeks a shift in VEGF isoform 
transcript's associated with an increase in VEGF immu- 
noreactivity in hepatocytes and a delayed increase in 
FGF-2 expression, also mainly in hepatocytes. 



at 434, 565, and 687 bp were amplified in the different 
liver samples. Sequence analysis of these bands showed 
that they corresponded to the 120-. 164- and 188-amino- 
acid isoforrns of VEGF, respectively. The band at 687 bp 
corresponding to the 188-amino-acid isoform was the 
predominant form in the sham-operated animals and re- 
mained unchanged after BDL (Figure 4, A and B). In 
contrast, the bands at 434 and 565 bp, corresponding to 
the 120- and 164-amino-acid isoforrns respectively, in- 
creased by 1 .5 to 2-fold 4 weeks after BDL Moreover, the 
transcript of 164-amino acid isoform became predomi- 
nant within 2 weeks after BDL (Figure 4, A and B). 

Unlike VEGF isoforrns, the different molecular forms of 
FGF-2 represent alternative translation products derived 
from a single mRNA 20 * 21 and were therefore analyzed by 
immunoblot. Consistent with immunohisiochemistry, 
Western blot analysis showed that up-regulation of FGF-2 
expression was evident after the fourth week following 
BDL and increased progressively up to week 7 (Figure 5). 
Three isoforrns of 18, 21. and 22 kd were detected (Fig- 
ure 5). The former corresponds to an AUG codon initiated 
form while the 21- and 22-kd peptides are initiated at 
codons CUG3 and CUG2, respectively. 21 The 22-kd 



Induction of Liver Hypoxia ' 

The demonstration of an intense hepatocellular overex- 
pression of VEGF following BDL prompted us to investi- 
gate the role of liver hypoxia as a triggering event, in 
normal rats (Figure 6A, top) pimonidazcle adducts were 
undetectable in the liver. One week after BDL, a patchy 
staining for pimonidazole adducts was observed (data 
not shown). Two weeks and 4 weeks after surgery (Figure 
6, B and C, respectively; top), pimonidazole adducts 
were detected in more than 95% of hepatocytes. In nor- 
mal rats (Fgure 6A. bottom) and at 1 week (data not 
shown), VEGF was detected in perivenular hepatocytes. 
Pimonidazole adducts and VEGF expression displayed 
the same pattern on adjacent liver sections 2 weeks 
(Figure 6B. bottom) as well as 4 weeks after BDL (Figure 
6C 5 bottom). Determination of P0 2 in the peripheral arte- 
rial blood from the same animals revealed no significant 
change in the oxygen tension of rats 3 weeks. 4 weeks as 
well as 6 weeks after BDL, as compared with normal rats. 

We conclude from these data indicate that hypoxia 
selectively occurs in hepatocytes' and immediately pre- 
cedes the induction of VEGF in these cells after BDL. 
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Figure 6. HI ^induced hypoxia of the liver. Top; In normal ruts (A) pimonidazole adduus were not detected in the liver. Two weeks CB) and 4 weeks f'C) after 
surgery, pimonidazole adduces were detected in more lhan 95% of hepatocytes. Bottom: In normal rat* (A). VF.GF was detected in perivenular hepatocytes. Two 
weeks i.Bi and 4 weeks (C) after BDL VEGF expression displayed the same pattern as pimonidazole adducts on adjacent iiver section*. hmnunoperoxida*e 
technique with hematoxylin counterstain. Masrtificatinn. XIO0 (A*i and X200 (B.:C). 



Discussion 

Our study provides first evidence for the induction of 
angiogenic factors VEGF and FGF-2 leading to vascular 
proliferation during experimental liver fibrogenesis. In ad- 
dition, we demonstrate that hypoxia occurs in hepato- 
cytes before the onset of cirrhosis and immediately pre- 
cedes VEGF induction. Our results therefore suggest that 
hypoxia-induced expression of VEGF in hepatocytes 
might be the triggering event in the development of mi- 
crovascular proliferation associated with liver fibrogen- 
esis and might thereby contribute to the remodeling of 
liver architecture . 

It has been established that sinusoidal perfusion is 
impaired in cirrhosis, whatever its cause 12 * 13 and regen- 
erative nodules in human and experimental cirrhosis are 
constantly surrounded by a dense perinodular vascular 
plexus. 1-3 These numerous and tortuous rrvcrovessels 
originate from intrahepatic vascular branches, progress 
together with ihe fibrous repair process and bypass the 
obstructed normal route. 1 These observations suggest 
that an impaired oxygen delivery to the hepatocytes may 
occur in cirrhosis as a result of intrahepatic shunts or 
capillarization of the sinusoids, leading to hepatocyte 
hypoxia. 23 In agreement with this view, we identified an- 
giogenesis and hypoxia ir cirrhotic tissues. However, our 
data indicate that hypoxia, VEGF induction, and angio- 
genesis preceae the onset of cirrhotic lesions. Early hyp- 
oxia is compatible with, the occurrence of liver blood 
supply impairment long before cirrhosis 13 * 

The immunochemistry data showed an early induction 
of VEGF in hepatocytes. Furthermore, this VEGF expres- 
sion paralleled an increase in the level of transcripts 
coding for the secreted isoforms VEGF 120 and VEGF 164 - 
which act directly on the proliferation and migration of 



vascular endothelial cells. These isoforms also increase 
the permeability of microvessels to circulating macromoi- 
ecuies. 19 In contrast to VEGF 121 and VEGF 165 , human 
VEGF, a9 binds to the extracellular matrix and requires 
hydrolysis by proteases like plasmin to be activated . 2A Of 
note, plasma urokinase-type plasminogen activator in- 
creases in liver cirrhosis 25 and myofibroblasts hepatic 
stellate cells synthesize components of the plasminogen- 
activating system, generating plasmin that plays a key 
role in matrix remodeling. 25 In addition. VEGF has other 
biological activities (such as induction of the expression 
of different proteases by endothelial cells 27 - 28 and stim- 
ulation of endothelial ceils and monocyte procoagulant 
activity 29 ) that might also indirectly induce microvascular 
remodeling in the liver by promoting monocyte migration 
and adhesion of activated neutrophil. 13,29 The time 
course of vessel proliferation after BDL was entirely con- 
sistent with an angiogenic response to VEGF induction. 

By immunochemistry, v/e also found an up-regulation 
of FGF-2 was delayed by comparison with VEGF expres- 
sion after BDL. Western blot analysis indicated that the 
22-kd FGF-2 was the main isoform expressed in this 
experimental modei. FGF-2 acts as a potent mitogen and 
an inducer of cell migration in different cell types, includ- 
ing endothelial cells and fibroblasts. 30 Low and high mo- 
lecular weight isoforms of human FGF-2 generated by 
alternative initiation of translation have been de- 
scribed 21 - 31 It has been suggested that the low molec - 
ular weight form (18 kd) might modulate cell motility and 
proliferation through interaction with its cell surface re- 
ceptor v/hile the high molecular weight isoforms (22 to 24 
kd) might only act as a mitogen through an intracellular 
mechanism. 20 FGF-2 expression has been shown to be 
associated with fibrous septa in both human and exper- 



1072 Rosmorduc et al 

AJP October 1999. Vol. 155. Ac*. 4 



irnental chronic liver diseases. 32 In addition, a synergism 
between FGF-2 and VEGF in the induction of angiogen- 
esis and activated hepatic stellate ceil proliferation has 
been demonstrated 33 ' Finally, FGF-2 has been shown to 
inhibit endothelial cell apoptosis. 3 * Altogether, these data 
suggest that FGF-2 might contribute to maintain a vas- 
cular proliferative reaction previously induced by VEGF. 

Our results strongly argue for the role of hepatocyte 
hypoxia as an early triggering event in the induction of 
VEGF iri this experimental model. It has been previously 
demonstrated that hypoxia induces VEGF at both mRNA 
and protein level. 35 ' 36 Furthermore, hypoxia-induced up- 
■ regulation of VEGF expression has been shown to involve 
both a transcriptional activation 37 and a stabilization of 
transcripts. 38 However, we cannot definitively exclude an 
additional role of factors produced by activated inflam- 
matory ceils. 39 - 40 since certain cytokines or growth fac- 
tors (ie, EGF, MGF, PDGF, TGF-j3) are able to stimulate 
VEGF expression in specific cell types. 41 " 44 Neverthe- 
less, infiltration by inflammatory cells remained moderate 
in our experiments. In addition, the induction of VEGF in 
hepatocytes was associated with the concomitant occur- 
rence of hypoxia in the same areas. In contrast, the 
expression of FGF-2, which has been shown to be insen- 
sitive to hypoxia, 43,45 was induced later and did not re- 
spond to the same distribution pattern suggesting that 
the inducing factors involved in the expression of the two 
angiogenic factors are different 

In conclusion, our results demonstrate for the first time 
the sequential induction of two major angiogenic factors, 
VEGF and FGF-2, during biliary-type liver fibrogenesis. 
They suggest that hypoxia might be a major factor impli- 
cated in the induction of VEGF and in the marked angio- 
genesis occurring at an early stage before the onset of 
cirrhotic lesions. Further studies are now required to de- 
termine the importance of these factors in liver diseases 
and whether their modulation might influence the pro- 
gression of liver tissue repair. 
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Angiogenesis and microvascular remodeling are known features of 
chronic inflammatory diseases such as asthma and chronic bron- 
chitis, but the mechanisms and consequences of the changes are 
just beginning to be elucidated. In a model of chronic airway in- 
flammation produced by Mycoplasma pulmonis infection of the air- 
ways of mice or rats, angiogenesis and microvascular remodeling 
create vessels that mediate leukocyte influx and leak plasma pro- 
teins into the airway mucosa. These vascular changes are driven 
by the immune response to the organisms. Plasma leakage results 
from gaps between endothelial cells, as well as from increased vas- 
cular surface area and probably other changes in the newly 
formed and remodeled blood vessels. Treatment with long-acting 
p 2 agonists can reduce but not eliminate the plasma occurring af- 
ter infection. In addition to the elevated baseline leakage, the re- 
modeled vessels in the airway mucosa are abnormally sensitive to 
substance P, but not to platelet-activating factor or serotonin, sug- 
gesting that the infection leads to a selective upregulation of NK1 
receptors on the vasculature. The formation of new vessels and 
the remodeling of existing vessels are likely to be induced by mul- 
tiple growth factors, including vascular endothelial growth factor 
(VEGF) and angiopoietin 1 (Angl). VEGF increases vascular per- 
meability, but Angl has the opposite effect. This feature is consis- 
tent with evidence that VEGF and Angl play complementary and 
coordinated roles in vascular growth and remodeling and have 
powerful effects on vascular function. Regulation of vascular per- 
meability by VEGF and Angl may be their most rapid and potent 
actions in the adult, as these effects can occur independent of 
their effects on angiogenesis and vascular remodeling. The ability 
of Angl to block plasma leakage without producing angiogenesis 
may be therapeutically advantageous. Furthermore, because VEGF 
and Angl have additive effects in promoting angiogenesis but op- 
posite effects on vascular permeability, they could be used to- 
gether to avoid the formation of leaky vessels in therapeutic an- 
giogenesis. Finally, the elucidation of the protective effect of Angl 
on blood vessel leakiness to plasma proteins raises the possibility 
of a new strategy for reducing airway edema in inflammatory air- 
way diseases such as asthma and chronic bronchitis. 

Keywords: angiogenesis; endothelial cells; microvasculature; Myco- 
plasma pulmonis; plasma leakage; vascular permeability; vascular re- 
modeling 

Angiogenesis and microvascular remodeling are elements of 
the tissue remodeling in chronic inflammatory diseases and tu- 
mors. Both types of change in the microvasculature result from 
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endothelial cell proliferation and often occur together, but 
they represent different phenomena and responses to differ- 
ent stimuli. Angiogenesis is the growth of new blood vessels 
from existing ones, whereas microvascular remodeling involves 
structural alterations — usually enlargement — of arterioles, capil- 
laries or venules, without the formation of new vessels. As in- 
flammatory or neoplastic diseases evolve, the microvasculature 
undergoes progressive changes in structure and function. Blood 
vessels enlarge or proliferate to supply nutrients to accumula- 
tions of inflammatory cells in chronically inflamed tissues or 
dividing cancer cells in enlarging tumors. 

Changes in the microvasculature in chronic disease may be 
out of proportion to the increased metabolic needs of tissues 
because of the overproduction of growth factors that stimulate 
vessel growth and remodeling. Also, blood vessels in diseased 
tissues usually have multiple abnormalities, ranging from the 
expression of molecules not found on normal vessels to alter- 
ations in endothelial barrier function and leakiness. The strat- 
egy of using the abnormal vasculature of a diseased organ as a 
therapeutic target is now being used in promising efforts to- 
ward inhibiting angiogenesis in cancer, arthritis, and diabetic 
retinopathy. In addition, vessel leakiness is being exploited to 
enable tissue access of liposome delivery systems, viral vec- 
tors, or other therapeutic agents that do not readily cross the 
normal endothelium. Despite this progress, research on the 
pathophysiologic and therapeutic implications of angiogenesis 
and microvascular remodeling in airway disease is still at an 
early stage. 

BACKGROUND OF ANGIOGENESIS AND 
MICROVASCULAR REMODELING IN AIRWAY DISEASE 

The literature on angiogenesis and microvascular remodeling 
in human airway disease is relatively sparse, but there are clues 
that changes in the airway microvasculature have long been 
recognized as a feature of asthma. For example, it was recog- 
nized many years ago that the airway mucosa in fatal asthma is 
edematous and contains dilated, congested blood vessels (1-3). 
Early studies also showed that the airway wall of subjects 
with asthma is abnormally thick (4, 5), a feature that has been 
confirmed more recently by morphometric studies (6-8) and 
computed tomography (9-11). The increased wall thickness 
would necessitate an expansion of the microvasculature to ac- 
commodate the extra tissue mass, and the abundant, enlarged, 
and congested mucosal blood vessels contribute to the wall 
thickness. This vascular contribution is functionally important, 
because even modest increases in wall thickness can amplify 
decreases in airway conductance produced by bronchocon- 
striction (6, 12-14). 

Some early studies of the pathology of asthma probably 
missed changes in the airway vasculature because the tiny mu- 
cosal blood vessels are inconspicuous in conventional histo- 
logical sections. However, irnmunohistochemical methods us- 
ing antibodies to vascular markers have made it much easier 
to visualize these vessels in bronchial biopsies and autopsy 
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specimens, and changes in the airway micro vasculature in hu- 
man inflammatory respiratory disease are now better docu- 
mented. The presence of angiogenesis in asthma and other air- 
way diseases is being documented by an increasing number of 
studies (15-26). Furthermore, blood vessels previously de- 
scribed as enlarged, congested capillaries are now known to be 
a manifestation of microvascular remodeling instead of simple 
vasodilatation (22, 27). Nonetheless, the mechanism and ther- 
apeutic implications of alterations in airway blood vessels are 
just beginning to be elucidated, and changes in the microvas- 
culature still represent an important gap in the understanding 
of the pathophysiology of asthma and other chronic inflamma- 
tory airway diseases. 

We have sought to develop a better understanding of an- 
giogenesis and vascular remodeling in chronic airway inflam- 
mation through the use of animal models. One objective has 
been to characterize changes in vascular architecture and en- 
dothelial cell phenotype in chronic airway inflammation. An- 
other objective has been to learn the mechanism of leakiness 
of the new or remodeled blood vessels. A third objective has 
been to contrast the roles in angiogenesis and microvascular 
remodeling of two endothelial cell-specific growth factors, 
vascular endothelial growth factor (VEGF) and angiopoietin 
1 (Angl). 

MYCOPLASMA INFECTION MODEL OF CHRONIC 
AIRWAY INFLAMMATION 

Mycoplasma pulmonis infection in mice and rats (28, 29) has 
proven to be a useful model for studying angiogenesis and mi- 
crovascular remodeling in chronic inflammatory airway dis- 
ease (30). This infection in rodents has certain features in 
common with both asthma and chronic bronchitis in humans. 
Pathogen-free mice or rats are inoculated intranasally with M. 
pulmonis and then are maintained in a barrier facility to avoid 
other infections for days, weeks, or months as a chronic respi- 
ratory disease develops (28, 29). The micro vasculature of the 
airway mucosa begins to change soon after infection, and an- 
giogenesis and microvascular remodeling become long-lasting 
features of the disease (27, 31). In this model, growth factors 
and other cytokines produced by resident airway cells and 
inflammatory cells drive extensive remodeling of the airway 
wall, providing an opportunity to examine, step by step, the 
changes occurring during the development of chronic inflam- 
mation. Remodeling of the airway wall reflects changes in the 
micro vasculature, inflammatory cell influx, epithelial thicken r 
ing, mucous gland hypertrophy, and fibrosis of the airway wall 
(27, 28, 32, 33). However, the roles of specific types of cells, 
growth factors, and inflammatory mediators are still being elu- 
cidated. 

The peak in endothelial cell proliferation in the airway mu- 
cosa occurs only 5 d after the onset of M. pulmonis infection 
(31), even though changes in the microvasculature continue to 
evolve and persist throughout the life of the animal. Angio- 
genesis is the dominant change in the microvasculature of the 
airway mucosa of rats (Figure 1A and IB) (33, 34). Both mi- 
crovascular remodeling and angiogenesis occur in mice, with 
the relative proportions of each being genetically controlled, 
in part because of strain-related differences in the immune re- 
sponse to M. pulmonis infection. Both remodeling and angio- 
genesis occur in the airways of C57BL/6 mice (Figure 1C and 
ID), but microvascular remodeling is the main change in C3H 
mice (Figure ID and IE) (27). 

Functional changes in the microvasculature accompany the 
conspicuous morphological changes in blood vessel number, 
size, and architecture. Endothelial cells of the remodeled ves- 



sels upregulate P-selectin and support leukocyte adherence 
and migration (31, 35). The remodeled endothelial cells also 
avidly take up cationic liposomes and upregulate neurokinin 1 
(NK1) receptors, leading to an unusual sensitivity to substance 
P not found in pathogen-free mice (36-38). 

LEAKINESS OF REMODELED MICROVASCULATURE IN 
CHRONIC AIRWAY INFLAMMATION 

Blood vessels in the airway mucosa after M. pulmonis infection 
might be expected to leak, because newly formed and remodeled 
blood vessels typically have abnormalities in endothelial barrier 
function (39-41). When we initially examined this issue in in- 
fected rats, no significant increase in baseline leakage was de- 
tected (30). By using a more sensitive approach, we found that 
the microvasculature of the infected tracheal mucosa is indeed 
leakier than normal under baseline conditions in the absence of 
other stimuli (42). Compared with the airways of pathogen-free 
rats, where the small amount of baseline leakage and the baseline 
clearance are in equilibrium, the airways of rats infected for 4 wk 
accumulate two to five times as much Evans blue tracer over a 
period of 30 min. The increased baseline leakage comes from 
newly formed and remodeled blood vessels, as shown by binding 
of extravasated Ricinus communis agglutinin I (RCA-I) lectin 
(Figure IF and 1G), focal extravasation of the tracer Monastral 
blue, staining of endothelial cell borders with silver nitrate, and 
direct observation by scanning electron microscopy (42). 

Several factors are likely to participate in the leakiness of re- 
modeled blood vessels. An increase in endothelial permeability 
resulting from focal separations ~ 400 nm in diameter between 
endothelial cells is likely to be involved (42-44). The increase in 
the lumenal surface area created by angiogenesis and micro- 
vascular enlargement would add to the leakage. In addition, the 
enlargement of arterioles may lower upstream resistance and 
increase the transmural driving force for leakage. Impaired 
clearance of extravasated proteins via lymphatics could be an- 
other factor, although this has not been documented experimen- 
tally. 

In normal vessels, histamine, bradykinin, substance P, and 
5 -hydroxy tryptamine (5-HT) cause plasma leakage through 
the formation of focal gaps between endothelial cells (43-46). 
However, endothelial gaps may not be the only route for ex- 
travasation in remodeled vessels. Endothelial fenestrae, trans- 
cytotic vesicles, vesiculo-vacuolar organelles (WOs), and mono- 
layer defects all may contribute to increased plasma extravasation 
in pathological conditions accompanied by angiogenesis and 
microvascular remodeling (47-49). The size and other biophys- 
ical properties of each route across the endothelium would de- 
termine the size of molecules or particles affected, but the rel- 
ative contributions of these factors have been difficult to quantify. 
The largest route for leakage, a pathway that can accommo- 
date particles < 2 \xm in diameter, results from defects in the 
endothelial monolayer of tumor vessels (41, 49), but similar 
defects have not been described in airway inflammation. 

Angiogenic and remodeled vessels that form after M. pulmo- 
nis infection are abnormally sensitive to certain stimuli that 
evoke plasma leakage. In particular, substance P and the sensory 
nerve irritant capsaicin trigger an abnormally large amount of 
plasma leakage in the airways of infected rats (Figure 1H and II) 
(32, 42, 50). This vascular hyperreactivity is due to an increase in 
the expression of NK1 receptors on endothelial cells of the re- 
modeled vessels (37). The hyperreactivity appears to be specific 
to substance P and other NK1 receptor agonists, as leakage pro- 
duced by platelet-activating factor (PAF) and 5-HT is not exag- 
gerated in the infected rats (42). Therefore, the remodeled mi- 
crovasculature overresponds to substance P but apparently does 
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figure 7. Comparison of the 
microvasculature in the tra- 
cheal mucosa of pathogen- 
free and M. pt//mon/s-infected 
rats (A-B, F-l) and mice (C-E). 
Tracheal whole mounts show- 
ing microvasculature stained 
with Lycopersicon esculentum 
lectin (A-G). (A) Pathogen-free 
rat: simple pattern of nor- 
mal vasculature, with relatively 
straight capillaries (arrows) span- 
ning cartilaginous ring (33). (fi) 
M. puimonis-infectert rat at 4 wk: 
abundant tortuous, capillary- 
size angiogenic vessels (arrows), 
some of which are located in 
focal regions of lymphoid tis- 
sue (33). (Q M. pulmonis- 
infected C57BI76 mouse (8 wk) 
showing vascular remodeling 
consisting of new capillary-like 
vessels (angiogenesis, arrow) in 
addition to enlargement of ex- 
isting vessels (27). (0) Pathogen- 
free mouse showing normal 
tracheal capillaries (arrow) (27). 
(E) M. pulmonis- infected C3H 
mouse (8 wk) showing promi- 
nent microvascular enlarge- 
ment (arrow) without new 
capillary-like vessels (27). (F t 
G) Differences in the microvas- 
culature of tracheas in patho- 
gen-free (F) and M. pulmonis- 
infected (C) Wistar rats (42); 
Ritinus communis agglutinin I 
lectin stains the tracheal mi- 
crovasculature uniformly in the 
pathogen-free rat (F), but sites 
of lectin leakage, appearing as 
diffuse extravascular staining 
(arrows), are prominent in the 
infected rat (C). (H-l) Distribu- 
tion of leaky, Monastral blue- 
labeled blood vessels in rat tra- 
cheal mucosa after substance 
P (33). (H) Pathogen-free rat: 
Monastral blue labeling of nor- 
mal postcapillary venules that 
became leaky after substance 
P (arrows). (I) M. pulmonis- 
infected rat at 4 wk: Monastral 
blue labeling of numerous, tor- 
tuous angiogenic blood vessels 
(arrows) that are smaller and 
more heavily labeled than most 
normal postcapillary venules. 
Scale bar in / applies to all figures, 



not have a generalized hypersensitivity to inflammatory media- 
tors. 



THERAPEUTIC APPROACHES TO DECREASING 
MICROVASCULAR REMODELING AND 
PLASMA LEAKAGE 

Many substances are known to cause plasma leakage by in- 
creasing vascular permeability but only a few have the oppo- 
site effect. ^-Adrenergic receptor agonists constitute one class 



of agents that decrease plasma leakage. These agents are com- 
monly used in the treatment of chronic airway disease and are 
known to inhibit plasma leakage evoked by a variety of stimuli 
including antigen, substance P, bradykinin, and PAF (51-54). 

In the airways of rats with M. pulmonis infection, baseline leak 
is reduced by inhalation of a single nebulized dose of the Prago-. 
nist salmeteroi over 10 min (42, 54). Dose-response studies have 
shown that this treatment significantly reduces baseline leakage 
in infected rats. The reduction occurs at the same dosage of sal- 
meteroi that abolishes ovalbumin-induced late-phase leakage and 
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leukocyte adhesion in pathogen-free rats (54). A 5-h delay after 
treatment is necessary to achieve maximal inhibition because of 
the relatively slow onset but prolonged action of salmeterol (54). 
The highest dose used (5 mg/ml in the nebulizer), which com- 
pletely eliminates, the late-phase leakage after allergen, reduces 
baseline leakage in airways of infected rats by 60%. The inhibi- 
tory effect of salmeterol on plasma leakage is thought to be medi- 
ated by fo-receptors because it is blocked by prior administration 
of the ^-receptor antagonist ICI-118,551 (54). 

The antileak action of agonists is probably related to the 
inhibition of endothelial gap formation (53). However, effects 
on airway smooth muscle cells, mast cells, epithelial cells, and 
nerves may contribute, considering the multiplicity of actions 
of these agents (55). For example, agonists can reduce the 
release of leak-producing inflammatory mediators from sen- 
sory nerves (56) and mast cells (57). The p 2 -agonist salmeterol 
also may reduce angiogenesis and vascular remodeling in the 
airways of individuals with asthma (23). 

Glucocorticoids can reverse the remodeling and the leaki- 
ness of the airway vasculature produced by M. pulmonis infec- 
tion. Rats that develop chronic disease during the 6 wk after 
M. pulmonis infection and then are treated with dexametha- 
sone for 4 wk have a normal airway microvasculature and a 
normal response to substance P (34). Treatment with oxytet- 
racycline to reduce the number of infecting organisms has the 
same effect. In the absence of treatment, infected rats have ex- 
tensive microvascular remodeling and as much as a 3-fold in- 
crease in substance P-induced plasma leakage (34). Similar re- 
sults have been obtained in C3H mice infected with M. 
pulmonis for 4 d and then treated with dexamethasone for 10 d 
(35). These findings indicate that even severe structural re- 
modeling and leakiness of the airway microvasculature are re- 
versible in these animal models (34, 35). Related findings in 
subjects with asthma suggest that some reversal is also possi- 
ble in human airway disease (23). 

CONTRASTING EFFECTS OF VEGF AND Angl AS 
ENDOTHELIAL CELL-SPECIFIC GROWTH FACTORS 

The endothelial cell-specific growth factors, VEGF and an- 
giopoietin 1 (Angl), have potent and clinically relevant ac- 
tions on the microvasculature (58). Both of these growth fac- 
tors play essential but separate roles in vascular development 
in the embryo. VEGF is key to the formation of the initial vas- 
cular plexus in early development. Indeed, in the absence of 
VEGF, the primitive vasculature does not develop normally 
and the embryo dies (59). VEGF expression increases in the 
airways of subjects with asthma and correlates with mucosal 
vascularity (24, 25). Angl is also essential for development of 
the vasculature but in a different way than VEGF. Mice lack- 
ing Angl, or its tyrosine kinase receptor Tie2, die because 
primitive endothelial cell tubes do not evolve into mature ves- 
sels (60, 61). Angl appears to be essential for maturation of 
the vasculature from primitive tubes into a hierarchical net- 
work of vessels composed of endothelial cells and pericytes or 
smooth muscle cells. A second angiopoietin, angiopoietin 2 
( Ang2), antagonizes the effects of Angl on Tie2 receptors and 
in some contexts acts as a natural inhibitor of Angl (62). 
Whereas Angl is widely expressed in normal adult tissues, 
Ang2 is expressed mainly at sites of vascular remodeling such 
as the ovary, placenta, uterus, and tumors (62-64). Ang2 ex- 
pression in the presence of VEGF is accompanied by angio- 
genesis, but Ang2 expression in the absence of VEGF is asso- 
ciated with vascular regression (63). 

In collaboration with G. Yancopoulos (Regeneron Pharma- 
ceuticals, Tarry town, NY), who discovered the angiopoietins, 



we examined some of the distinctive differences in the actions 
of VEGF and Angl on the adult microvasculature by using 
transgenic mice and adeno virus- transfected mice that overex- 
press these growth factors. The model of transgenic overex- 
pression in the skin, using the keratin 14 (K14) promoter, 
made it possible to deliver VEGF, Angl, or both in a sus- 
tained, tissue-specific manner. In the skin of transgenic mice 
that overexpress VEGF in basal keratinocytes (K14-VEGF 
mice), capillary-like blood vessels are unusually abundant and 
tortuous (Figure 2A and 2B) (65). There also is exaggerated 
leukocyte rolling and adhesion (66). By contrast, the skin of 
transgenic mice that overexpress Angl in the epidermis (K14- 
Angl mice) appears reddened because of enlarged dermal 
blood vessels, yet the number of vessels is about normal (Fig- 
ure 2 A and 2C) (65, 67). Although the enlarged vessels in 
K14-Angl mouse skin have the location of capillaries, the ves- 
sels resemble venules in size and expression of P-se lectin and 
von Willebrand factor (vWF), which are not normally ex- 
pressed by dermal capillaries in mice (27, 65). The skin of dou- 
ble transgenic mice, produced by breeding K14-Angl mice 
with K14-VEGF mice, overexpresses both Angl and VEGF 
(K14-Angl/VEGF mice) and have enlarged venule-like ves- 
sels, similar to those in K14-Angl mice, as well as abundant 
capillary-like vessels, similar to those in K14-VEGF mice (Fig- 
ure 2D) (65). 

Despite their relatively normal appearance, the unusually 
abundant dermal blood vessels in K14-VEGF mice are leaky 
under baseline conditions (65, 66), as might be expected be- 
cause of the leak-producing action of VEGF (40). The leaky 
vessels are also abnormally sensitive to inflammatory stimuli 
as exemplified by their exaggerated leakage response to mus- 
tard oil (Figure 2E). Because of their venule-like features, the 
enlarged dermal vessels in K14-Angl mice seemed likely to be 
leaky and especially sensitive to inflammatory mediators. 
However, these vessels turned out to have normal baseline 
leakage and unusual resistance to leakage induced by mustard 
oil (Figure 2E) as well as by 5-HT, platelet-activating factor, 
and VEGF (65). Because of the contrasting actions of VEGF 
and Angl in these models, we determined whether the pro- 
leakage effect of VEGF or the antileakage effect of Angl 
dominates in the skin of K14-Angl/VEGF double transgenic 
mice (65). We found that the antileakage phenotype of Angl 
dominates in these mice. Baseline plasma leakage in K14- 
Angl/VEGF mice is in the normal range, and mustard oil- 
induced leakage is significantly less than that in K14-VEGF 
mice (Figure 2E) (65). 

Studies of the mechanism of the antileakage effect of Angl 
are just beginning. One of the first questions to be answered is 
whether the decrease in leakage results from a reduction in 
the number or size of leaky sites in the endothelium or from a 
decrease in the hydrostatic driving force across the endothe-- 
lium due to hemodynamic changes. We addressed this ques- 
tion by taking advantage of the observation that leaky sites ex- 
pose focal regions of the endothelial basement membrane to 
the vessel lumen (45). We visualized these focal sites by per- 
fusing through the vasculature a biotinylated lectin (RCA-I) 
that avidly binds to regions of exposed basement membrane 
(68). In untreated vessels, RCA-I faintly stains the lumenal 
surface of the endothelium but does not extravasate and does 
not stain the basement membrane (Figure 2G). However, 
after treatment of wild-type mice with mustard oil, RCA-I 
strongly stains focal regions of exposed basement membrane 
in venules in addition to the faint staining of the lumenal sur- 
face (Figure 2H). This intense focal staining is restricted to 
venules, as is the leakage in other models of acute inflamma- 
tion (45). In contrast, in K14-Angl mice treated with mustard 
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Contrasting effects of VEGF and Angl on 
plasma leakage induced by mustard oil on skin 
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Figure 2. (A-O) Comparison 
of ear skin vasculature, stained 
by perfusion of biotinylated 
Lycopersicon esculentum lectin, 
in wild-type mouse (A), K14- 
VEGF transgenic mouse (B), 
K1 4-Angl transgenic mouse 
(O, and K14-Ang1/VEGF dou- 
ble transgenic mouse (0) (65). 
(£). Comparison of Evans blue 
leakage, with or without mus- 
tard oil, in ear skin of same 
four types of mice as shown in 
(A-0) (65) (*p < 0.05 com- 
pared with baseline; f p < 0.05 
compared with wild type). (F) 
Comparison of Evans blue 
leakage, with or without mus- 
tard oil, in controls and 6 d af- 
ter systemic injection of Ad- 
Angl or Ad-Ang2 (70). (CW) 
Ricinus communis agglutinin I 
lectin-stained control venule 
in wild-type mouse (C, no 
mustard oil and no leaky sites) 
compared with leaky venule 
after mustard oil in wild-type 
mouse (H, abundant leaky sites, 
arrows) and with nonleaky 
venule after mustard oil in 
K1 4-Angl mouse (/, one leaky 
site, arrow) (65). (J~i) Blood 
vessels {arrows) in ear skin are 
the same size in untreated 
wild-type mouse (/) and in 
wild-type mouse 5 d after Ad- 
Angl (K). By comparison, skin 
blood vessels are markedly en- 
larged (arrow) in Kl 4-Angl 
transgenic mouse (L) (65, 70). 
Scale bar in (L) applies to all 
figures: (A-D) and Q-L), 40 fim; 
(G-0, 15jtm. 



oil, RCA-I faintly stains the lumenal surface of vessels but 
rarely the basement membrane because of the lack of leaky 
sites (Figure 21) (65). The presence of occasional focal staining 
of exposed endothelial basement membrane of venules in 
K14-Angl mice (Figure 21) indicates that Angl reduces leak- 
age and does not abolish the RCA-I-binding properties of the 
basement membrane. Arterioles and capillaries do not have 
indications of leakage in K14-Angl mice, as in wild-type mice 
(65). These results suggesting that the anti-leakage action of 
Angl is not due to hemodynamic changes are consistent with 
the leak-inhibiting effect of Angl on monolayer cultures of 
endothelial cells in vitro (69). 



Collectively, these findings led to two unexpected conclu- 
sions: (1) Angl can block vessel leakiness produced by VEGF 
as well as by inflammatory mediators; and (2) new capillary- 
like vessels formed by VEGF overexpression need not be 
leaky, as they do not leak in a setting where Angl is coex- 
pressed transgenically. 

Because of these intriguing findings in transgenic mice, we 
asked whether Angl can reduce leakage in the adult without 
prolonged expression inherent in K14-Angl transgenic mice. 
For this purpose we used a model in which VEGF or Angl is 
produced systemically after intravenous injection of an adeno- 
viral vector-growth factor gene construct that turns the liver 
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into a bioreactor (70). This approach made it possible to deliver 
sustained high concentrations of Angl or VEGF throughout the 
body and to examine their effects on blood vessel leakiness. 
We used adenoviral vectors that expressed Angl (Ad-Angl), 
VEGF (Ad-VEGF), or a control gene (Ad-green fluorescent 
protein). 

Published data indicate that localized administration of 
Ad-VEGF is followed by the formation of bizarre blood ves- 
sels at the injection site (71). By comparison, our experiments 
revealed that systemic delivery of a large dose (> 2.5 x 10 s 
PFU) of Ad-VEGF causes lethal plasma leakage (70). Mice 
die with severe multiorgan vessel leakiness and edema within 
2 d after injection of Ad-VEGF in the dose we used. The in- 
jection of the same dose of Ad-Angl has the opposite effect. 
Ad-Angl-treated mice are healthy and the amount of plasma 
leakage in ear skin is in the normal range, but the leakage af- 
ter mustard oil is significantly reduced (Figure 2F) (70). Ad- 
ministration of Ad-Angl also diminishes the leakage pro- 
duced by local injection of VEGF. This protection against 
leakage is evident within 1 d after injection of Ad-Angl and 
lasts more than 10 d. The antileak effect of Ad-Angl is not ac- 
companied by discernible enlargement of the skin microvascu- 
lature (Figure 2J and 2K), unlike the vascular enlargement 
found in the skin of K14-Angl transgenic mice (Figure 2L). 

These adenoviral transfection experiments suggest that the 
antileakage effect of Angl occurs rapidly in mice with a wild-type 
genetic background and is independent of the vessel enlargement 
found in K14-Angl transgenic mice. Studies using Ad-Angl 
showed that the antileakage effect in the skin is not accompanied 
by enlargement of the skin microvasculature, thus separating 
the antileakage action from the remodeling action (70). How- 
ever, enlarged dermal blood vessels are evident in the skin of 
K14-Angl transgenic mice (65), and our preliminary studies have 
shown signs of venular enlargement in the airway mucosa of mice 
treated with Ad-Angl. As for the mechanism of Angl-induced 
microvascular enlargement, endothelial cell proliferation presum- 
ably contributes, but the cell survival action of Angl may also be 
a factor (72, 73). The presence of prominent enlargement of 
venules in airway inflammation, as described above (Figure IE) 
(27), adds to the interest in understanding the mechanism of 
Angl-induced microvascular remodeling. 

In conclusion, alterations in the microvasculature participate 
in the pathophysiology of chronic inflammatory airway disease. 
Vascular changes that are well documented in animal models 
have also been found in human asthma. Angiogenesis and mi- 
crovascular remodeling not only result in more or larger blood 
vessels in the airway mucosa but also result in functionally abnor- 
mal blood vessels. Sustained leakage, leukocyte adhesion, and 
selective upregulation of NK1 receptors are examples of the ab- 
normalities. However, these abnormalities and the vascular re- 
modeling are potentially reversible by therapeutic intervention. 
VEGF and Angl may play complementary and coordinated 
roles in vascular remodeling, but they have opposite effects on 
blood vessel leakiness. The discovery of the antileakage action of 
Angl offers a possible new strategy for reducing airway edema in 
chronic inflammatory airway diseases such as bronchitis and 
asthma. 
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The Vascular Endothelial Growth Factor Receptor KDR/Flk-1 Is a 
Major Regulator of Malignant Ascites Formation in the Mouse 
Hepatocellular Carcinoma Model 
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The vascular endothelial growth factor- A (VEGF-A), 
? also known as the vascular permeability factor (VPF), has 

t . been shown to play an important role in malignant ascites 

: : formation. The effects of VEGF-A are mediated through 

* flt-1 and kinase insert domain- containing receptor/fetal 

liver kinase (KDR/Flk-1) receptors. It has been shown 

■ 1 that KDR/Flk-I is a predominant receptor in solid hepa- 
>?' tocellular carcinoma (HCC) development, but the role of 
| v- this receptor in hepatic ascites formation has not yet been 
l: : elucidated. In this study, we examined the role of KDR/ 
! 1 Flk-1 in the murine MH134 hepatic malignant ascites for- 
p mation by means of VEGF-A- and KDR/Flk-1 -specific 

neutralizing antibodies (VEGF-A nAb and KDR/Flk-1 

I V nAb, respectively). The mean volume of akites^humber 
P; of tumor cells in ascites, and the, peritoneal capillary, per- 

V meabiiiry were significantly suppressed by VEGFrA;nAb 

■ and KDR/Flk-1 nAb treatment: These inhibitory effects of 
11 KDR/Flk-1 nAb were more potent than those of VEGF-A 

V nAb. The autbphosphorylation of KDR/ Flk-1 in the peri- 
toneal wall was almost completely abolished by KDR/ 

i; Flk-1 nAb, whereas a certain level of activation was still 

; v shown by VEGF-A nAb treatment. Another VEGF-family, 

' VEGF-C, which also binds KDR/Flk-1, was detected in the 

\ ascites. Furthermore, in the therapeutic experiment, al- 

\ though both VEGF-A nAb and KDR/Flk-1 nAb prolonged 

V the survival rate of ascites-bearing mice, the latter 
showed a more significant impact on the survival of ani- 
mals. These results suggest that KDR/Flk-1 is a major 
regulator of malignant hepatic ascites formation, and that 

i in addition to VEGF-A, VEGF-C may also be involved in 

! the malignant ascites formation via KDR/ Flk- 1 activation, 

f (Hepatology 2001;33:841-847.) 
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Hepatocellular carcinoma (HCC) is one of the most com- 
mon malignancies in the world, especially in Asia and Africa. 
Its annual incidence is estimated to be 250,000 to 1,000,000. 
The prognosis of HCC is sail very poor, because it develops 
multicentrically and is associated in most cases with chronic 
liver diseases. 13 Furthermore, invasion of HCC to the perito- 
neum causes malignant ascites, which is experienced fre- 
quently in patients with advanced HCC. The patient s quality 
of life with this condition is seriously decreased as a result of 
the abdominal distension and pressure on the chest cavity. 
Although various alternative therapies, such as diuretic med- 
icine and ascites drainage have been employed, there is still no 
satisfactory therapeutic modalities for malignant hepatic as- 
cites. 

It has been reported that hyperpermeability of capillaries 
lining the peritoneal cavity would be one of the essential fac- 
tors for the accumulation of malignant ascites. 4 8 The hyper- 
permeability of capillaries has been shown to be mediated by 
various factors. Among them, it has been suggested that the 
vascular endothelial growth factor-A (VEGF-A) is one of the 
factors responsible. 5 - 9 VEGF-A is originally identified as a vas- 
cular permeability factor (VPF), which possesses a potent 
ability to permeate capillaries to a 50,000-fold higher level 
than histamine. 10-12 It induces extravasation of plasma pro- 
teins, such as fibrinogen, which, when deposited in the extra- 
cellular matrix, may serve as a foundation for the formation of 
tumor stroma and new capillaries. A high VF.GF-A level has 
been found in human and mouse malignant ascites, and a high 
concentration of VEGF-A in the leaky capillaries lining the 
peritoneal cavity was found in the ascites of tumor-bearing 
animals. 5 ^ 8 VEGF-A specific neutralizing antibody (nAb) 
showed a significant inhibitory effect on experimental malig- 
nant ascites accumulation. 5 - 9 

The biological activities of VEGF-A are mediated mainly via 
2 type 111 tyrosine kinase receptors: flt-1 and kinase insert 
domain- containing receptor/fetal liver kinase (KDR/Flk-1). 
It has been suggested that flt-1 and KDR/Flk-1 serve different 
roles in the angiogenesis and signal transduction path- 
ways. 15-17 In solid tumor development, the use of dominant- 
negative KDR/Flk-1 and several other methods that also in- 
hibit the VEGF-KDR/ Flk-1 interaction substantially reduced 
tumor growth and angiogenesis. 18 - 23 Recently, it has been 
shown that the nonspecific VEGF tyrosine kinase receptor 
inhibitor and KDR/Flk-1 nAb inhibited the experimental 
ovarian malignant ascites. 26 27 In the solid HCC development, 
VEGF-A and KDR/ Flk-1 have been shown to play an impor- 
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tant role, 28 " 33 but the role of these factors in malignant hepatic 
ascites formation has not yet been elucidated. 

In this study, we examined the role of KDR/Flk-1 in malig- 
nant hepatic ascites formation and the survival of ascites-bear- 
ing mice by means of KDR/Flk-1 nAb in comparison with 
VEGF-A nAb. 

MATERIALS AND METHODS 

Cell lines and Cell Culture. The murine HCC cell line, MH134, 
which was originally induced by carbon tetrachloride in C3H/He 
mice, was generously provided by Chugai (Tokyo, Japan). MH134 
cells, which are highly tumorigenic and moderately differentiated, 
are grown in syngeneic recipients in an ascites form. 34 These MH134 
cells have been shown to produce the endogenous VEGF in the 
ascites. 8 These cells were grown in RPMI 1640 medium (Nissui, 
Tokyo, Japan) supplemented with 10% (vol/vol) heat-inactivated 
fetal calf serum, 0.3 m^ml.glutamine, 100 units/mL ampicillin, and 
100 /igftnL streptomycin at 37°C in air with 5% CO2. 

Anti-KDR/Flk-l and Anti- VEGF-A nAbs. The anti-KDR/Flk- 1 -spe- 
cific neutralising antibody (KDR/ Flk-1 nAb; DC10.1 ) was generated 
as described previously. 25 - 35 Briefly, KDR/Flk-1 nAb was produced 
under large-scale culture conditions in serum- free media. KDR/Flk- 1 
nAb was purified from conditioned media by affinity chromatogra- 
phy on a Gammabind-G-Sepharose column (Pharmacia biotech, Pis- 
cataway, NJ). The purity of KDR/Flk-1 nAb was >99% as determined 
by sodium dodecyl sulfate-polyacrylamtde gel electrophoresis, and 
was verified to be free of endotoxin (1 <EU/mL) using a limulus 
amebocyte lysate endotoxin detection kit (Pyrogen Tpius, Bio-Whit- 
taker, Walkersville, MD). The anti-VEGF-A nAb, AF-493-NA, was 
purchased from R&D Systems (Minneapolis, MN). AF-493-NA has 
been shown to significantly neutralize VEGF-A bioactivity, and it 
possesses the ability to neutralize the bioactivity of 10 ng/mL rm- 
VEGF at the lowest dosage of 0.35 /ig/mL. 9 

Animal Treatment and Collection of Ascites. Eight-week-old female 
C3H/He mice were purchased from Japan SLC (Hamamatsu, Japan). 
All animal experiments were performed in accordance with the ap- 
proved protocols and recommendations for the proper care and use 
of laboratory animals. To establish the malignant ascites, 1 X 10 3 of 
MH134 cells were inoculated into C3H/He mice iniraperitoneally on 
day 0. On day 2, the mice were divided randomly into 4 groups (n - 
7 each). The first group did not receive treatment and was used as a 
control group. The animals in the second group received an intrave- 
nous injection via the tail vein of VEGF-A nAb in 50 jaL phosphate- 
buffered saline (PBS) every 2 days. The mechanism of VEGF-A neu- 
tralization in the ascites was described previously. 9 To estimate the 
total amount of VEGF-A protein at the respective VEGF-A nAb in- 
jection dates, preliminary chronological studies were performed to 
measure the VEGF-A level in the ascites. The dose of VEGF-A nAb 
was over 20-fold higher than the amounts of VEGF-A accumulated in 
the ascites. The third group received KDR/Flk-1 nAb (400 u-g/50 uL 
PBS per mouse) every 2 days. The dose of KDR/Flk-1 nAb in this 
experiment was the same as in the previous study that showed a 
significant suppression of activation of KDR/Flk- 1 in the murine 
HCC model 25 The animals in the fourth group received the same 
isotype (IgG) raised against mouse IgA (400 p.g/50 fiL PBS per 
mouse) every 2 days (Pharmingen, San, Diego, CA). On day 9, all 
animals were anesthetized with ether, a small incision was made on 
the central abdominal skin, and the abdominal skin was peeled to 
avoid breaking the peritoneum. The malignant ascites was com- 
pletely aspirated using a syringe with a 22-gauge needle through the 
peritoneum under direct visualization; then the volume of ascites 
was determined. All procedures were performed aseptically under a 
laminar flow hood. The collected ascites was centrifuged at 15,000 
rpm for 15 minutes at 4°C. To count the total number of tumor cells, 
the pellet was recovered and resuspended in PBS. To examine the 
discontinuous effect of KDR/Flk- 1 nAb, we designed the following 
experiment. After treatment of KDR/Flk- 1 nAb until day 9, we di- 
vided the mice into 2 groups (n = 5 each). KDR/Flk-1 nAb treatment 



was continued in 1 group, and was halted in the other. On day 18, all 
mice were killed, and the volume of ascites was examined. 

For the therapeutic experiment, C3H/He mice were inoculated 
intraperitoncally with MH134 on day 0. On day 8, when all animals 
developed an apparent malignant ascites, they were divided ran- 
domly into 4 groups in the same manner as in the ascites-forrnation 
experiment (n = 10 for each group). Treatment from day 8 also was 
identical to that described above for each group. The animals were 
observed daily for the signs of morbidity. In the preliminary study, 
we found that the mice died of chest compression and dyspnea 
within a few days when the girth of the abdomen reached a certain 
size (critical girth). We therefore killed the mice when the animals 
showed the critical girth of abdomen. 

VEGF-A and VEGF-C Measurement The supernatants of the aspi- 
rated ascites were used for the VEGF-A and VEGF-C measurements. 
VEGF-A level was measured by an enzyme-linked immunosorbent 
assay (ELISA) kit in accordance with the supplier's instructions (R & 
D systems). Because the ELISA system for VEGF-C was not available, 
the expression level of VEGF-C was determined by the Western Blot 
analysis as previously described, 2816 using an amplified alkaline 
phosphatase immunoblot assay kit (Bio-Rad, Hercules, CA) and an- 
tibody against VEGF-C (sc-7132) (Santa Cruz, Santa Cruz, CA). 

Peritoneal-Cavity Permeability Assay. To evaluate the peritoneal-cav- 
ity capillary permeability, 1 mL of 0.5 % Evans Blue dye (Nakalai, 
Kyoto, Japan) was injected intravenously into the tail vein 8 days 
alter the MH134 tumor cell inoculation. Two hours later, the mice 
were killed, and the ascites was aspirated as described before. The 
relative concentration of dye leaking into the ascites was determined 
from the optical density at 540 nm using a spectrophotometer. 

In Vitro Proliferation Assay. The effects of VEGF-A nAb and KDR/ 
Flk-l nAb (20 fig/mL) on in vitro proliferation of MH134 were eval- 
uated. This amount of KDR/Fik-1 nAb significantly suppressed the 
endothelial cell proliferation in vitro V Jn vitro proliferation was de- 
termined by the MTT assay as described previously. 28 Briefly, cell 
proliferation was quantified via conversion of tetrazolium, 3-(-4,5- 
diethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) by 
cells cultured in 96- well plates. The absorbance with a 540- nm filter 
represents conversion to formazan, which is directly proportional to 
the number of living cells. The absorbance was read with an ELISA 
plate recorder (n = 6 per group). 

lmmunoprecipitation. Immunoprecipitation was performed as pre- 
viously described. 2536 Fifteen minutes after either VEGF-A nAb, 
KDR/ Flk-1 nAb, or control IgG was injected intravenously into the 
ascites-b earing mice, the peritoneal wall was resected from 3 mice in 
each group and snap-frozen immediately. The pooled peritoneal wall 
lysate solution was immunoprccipitated with KDR/Flk-1 before con- 
ducting sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
After the transfer, the membrane was stained with Ponceau solution 
(Sigma, Sl Louis, MO) to confirm that the same amount of protein 
was immunoprecipitated. The blots were developed by the same 
method as described above with antiphosphotyrosine. Antityrosine 
(4G10) was obtained from Up-State Biotechnology (Lake Placid, 
NY). 

Statistical Analysis. The Mann-Whitney U test was used for the 
statistical analysis. For the survival of animals, Kaplan-Meier curves 
were established for each group, and the survivals were compared by 
means of the log rank test. 

RESULTS 

VEGF-A and VEGF-C Expression in Tumor Ascites, First, we 
examined the total amount of VEGF-A in the accumulated 
malignant ascites to determine the required VEGF-A nAb at 
the respective period. As shown in Fig. 1, the total amount of 
VEGF-A in the ascites increased over time. In the preliminary 
study, we found that there was no difference in the neutraliz- 
ing activity of VEGF-A nAb between 20-fold and 40-fold 
amount of VEGF-A expression in MH134 in vitro (data not 
shown). We therefore used at least over 20-fold for the in- 
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Fig. L ■ Kinetics of VEGF-A accumulation in the ascites of mice inoculated 
intraperitoneally with MH134 cells. The tumoT-bearing mice were killed at 
successive intervals after intraperitoneal injection of 1 x 10 s MH134 cells per 
mouse. After the ascites was taken, the amount of VEGF-A was determined by 
ELISA. The data represent the mean ± SD (n = 7). The lower column repre- 
sents the injected amount of VEGF-A nAb at the respective period. 



jected VEGF-A nAb, which was similarly used in the previous 
studies. 9 The amount of VEGF-A nAb used was always over 20 
times than the accumulated VEGF-A level (Fig. 1, lower col- 
umn), and these doses were higher than the amount of KDR/ 
Fllc-1 nAb (400 /tg) except on day 2. As shown in Fig. 2, 9 
days after the MH134 tumor cell inoculation, a high level of 
VEGF-A was observed in the untreated control mice (370 ± 
35 ng/mL; n = 7). Treatment with VEGF-A nAb almost abol- 
ished the accumulation of VEGF-A in the ascites (10 ± 6 
ng/mL; n= 7) (P < .01). In contrast, neither KDR/Flk-1 nAb 
nor control IgG treatment affected the VEGF-A protein level 
in the ascites. 



* 
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Fig. 2. Effects of VEGF-A nAb and KDR/FlK-l nAb on VEGF-A protein 
le%-el in the malignant ascites. Nine days after Intraperitoneal inoculation of 
1 X 10 5 MH134 cells, VEGF-A level in the ascites was measured by ELISA. 
The data represent the mean ± SD (n - 7). 'Statistically significant difference 
compared with the control group (P < .01). ®, Control; (■), IgG; (□). 
VEGF-A nAb; (0), KDR/Flk-1 nAb. 



Because other VEGF ligands can bind KDR/Flk-l, namely 
VEGF-C, we next examined this ligand protein expression 
level in the ascites. VEGF-C expression in the ascites was 
found to be at a comparable level in all control IgG-, VEGF-A 
nAb-, and KDR/Flk-1 nAb-treated groups (Fig. 3A). 

Effects of VEGF-A nAb and KDR/Flk-1 nAb on Ascites Formation 
and Peritoneal Capillary Permeability. To examine the role of 
VEGF-A and KDR/Flk-1 in malignant ascites formation, we 
first investigated the effects of VEGF-A nAb and KDR/ FIk-1 
nAb in the mouse ascites tumor model. As shown in Fig. 4A 
and 4B, the mean volume of ascites fluid and the number of 
tumor cells in the animals that received VEGF-A nAb or KDR/ 
Flk- 1 nAb were significantly lower than those in the untreated 
mice or mice treated with the same dose of control IgG (P < 
.01). Interestingly, the inhibitory effects of KDR/Flk-1 nAb 
were more potent than those of VEGF-A nAb in terms of 
ascites volume and tumor cell numbers (P < .05). 

Consistent with the above-mentioned results, the perme- 
ability of the capillaries in the peritoneal cavity was sup- 
pressed significantly in the VEGF-A nAb and KDR/Flk-1 nAb 
groups compared with the untreated or control IgG- treated 
groups (P < .01), and the treatment with KDR/Flk-1 nAb was 
more effective in reducing the capillary permeability in die 
peritoneum of mice than that of VEGF-A nAb (P < .05) (Fig. 
5). All mice in these experiments did not reach the critical 
girth size of the abdomen (data not shown). Next, we exam- 
ined whether or not the ascites again began to accumulate by 
halting treatment of KDR/ Flk-1 nAb. From day 9, one group 
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Fig, 3. VEGF-C expression In the malignant ascites (A) and KDR/Flk-1 
receptor activation in situ (B). (A) Nine days after intraperitoneal inoculation 
of 1 X 10 3 MH134 cells into C3H/He mice, the VEGF-C level in the malignant 
ascites was examined by the Western blotting. (B) Immunoprecipitation for 
KDR/Flk-1 and phosphotyTOsine in the peritoneal wall. Fifteen minutes after 
the injection of VEGF-A nAb and KDR/Flk-1 nAb or control IgG, the perito- 
neal wall was resected from 3 mice and pooled The peritoneal wall lysate 
solution was concentrated and used for immunoprecipiution. Lane I . control 
IgG; lane 2. VEGF-A nAb; lone 3, KDR/Flk-1 nAb-treated group. 
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Fig. 4. Effect of VEGF-A nAb and KDR/Flk-l nAb on malignant tumor 
ascites formation. One X 10 5 of MH134 cells were syngenetically inoculated 
into OH/Hc mice intraperitoneally on day 0. From day 2, VEGF-A nAb, 
KDR/Flk-l nAb. and control IgG were administered intravenously twice a 
week at the doses described in Materials and Methods. On day 9, malignant 
ascites was aspirated and the ascites volume (A), and tumor cell numbers in 
the ascites Quid were calculated (B). The data represent the mean ± 5D (n ~ 
7). * and ** Statistically significant differences between the indicated 2 groups 
(P < .01 and P < 05, respectively). O), Control; (■), IgG; (O), VEGF-A 
nAb; ® , KDR/Flk-l nAb. 



continued the treatment of KDR/Flk-l nAb, whereas the other 
group was discontinued. On day 18, all mice were killed and 
examined for the ascites volume. As shown in Fig. 6, ascites 
did not increase until day 18 with the continued treatment of 
KDR/Flk-l nAb. On the contrary, ascites again accumulated 
after discontinuation ofrKDR/Flk-1 nAb treatment. These re- 
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Fig. 6. Discontinuous effect of KDR/Flk-l nAb treatment on the ascites 
accumulation. After the treatment with KDR/Flk-l nAb every 2 days until day 
9, we divided the mice into I groups (n 5 each). KDR/Flk-l nAb treatment 
was continued in 1 group, and was halted in the other from day 9. On day 18, 
all mice were killed and the volume of ascites was examined. The data repre- 
sent the mean ±.SD. "Statistically significant difference compared with the 
other group (P < .01). (+), KDR/Flk-l nAb treatment was continued: (-), 
KDR/Flk-l nAb treatment was discontinued from day 9. 



suits strongly suggested that ascites formation was predomi- 
nantly mediated by KDR/Flk-l signaling cascade. 

Effect ofVEGf-A nAb and KDR/Flk-l nAb on In Vitro Proliferation 
of Ascites Tumor. To examine whether VEGF-A nAb and KDR/ 
Flk-1 nAb could directly inhibit the MH134 tumor growth, we 
examined the effect of these Abs on in vitro proliferation. The 
in vitro proliferation rate was examined by the MTT assay at 
24, 48, and 72 hours after harvest. As shown in Fig. 7, there 
was no significant difference between all groups. These results 
suggested that VEGF : A nAb and KDR/Flk-l nAb did not in- 
hibit ascites formation mediated by the direct inhibition of the 
tumor growth. 
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Fig. 5. Effects of VEGF-A nAb and KDR/F1K-1 nAb on the peritoneal 
capillary permeability. Two hours after the injection of I mL of 0.5% Evans 
blue into the tail vein, the relative concentration of the dye leaking into the 
peritoneal cavity was measured with a spectrophotometer at 540 nm. The 
data represent the mean ± SD (n = 7). * and ^Statistically significant dif- 
ferences between the indicated 2 groups (P < .01 and P < .05, respectively). 
CM), Control; (■). IgG; (□), VEGF-A nAb; KDR/Flk-l nAb. 
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FiG. 7. Effects of VEGF-A nAb and KDR/Flk-l nAb (20 jtgfrnL) on in vitro 
proliferation of MH134 tumor cells. The cell proliferation rate was measured 
by the MTT assay after harvest at 24, 48, and 72 hours as described. The data 
represent the mean ± SD (n ~ 6 per group). 
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KDR/Flfe-J Receptor Activation In Situ. To determine the effect 
of VEGF-A nAb and KDR/Flk-1 nAb on the activation of KDR/ 
Flk-1, we investigated tyrosine-phosphorylated KDR/Flk-1 in 
the peritoneal wall. As shown in Fig. 3B, the control IgG- 
treated group showed a phosphorylated 230 kd, correspond- 
ing to the activated KDR/Flk-1. VEGF-A nAb and KDR/Flk-1 
nAb significantly inhibited KDR/Flk-1 phosphorylation com- 
pared with the control IgG-treated group. Consistent with the 
above-mentioned results. KDR/Flk-1 nAb treatment was more 
effective in inhibiting KDR/Fik-1 phosphorylation than that 
of VEGF-A nAb, i.e., KDR/Flk-1 nAb almost completely abol- 
ished the KDR/Flk-1 activation, whereas in the VEGF-A nAb 
treatment group, a certain level of phosphorylation of KDR/ 
Flk-1 was still found. 

Therapeutic Effects of VEGF-A nAb and KDR/Flk-1 nAb on Carci- 
nomatous Peritonitis, To evaluate the feasibility of VEGF-A nAb 
and KDR/Flk-1 nAb treatment of hepatic malignant ascites, 
the effectiveness of this theTapy on the survival of ascites- 
bearing mice was investigated. As shown in Fig. 8, all the 
untreated and control IgG-treated animals died within 16 
days after intraperitoneal inoculation of MH134 cells (the 
mean survival period of the untreated and control IgG-treated 
animals was 10.8 and 1 1.2 days, respectively). The treatment 
with VEGF-A nAb (the mean survival period was 19.0 days) 
and KDR/FIk-1 nAb (23.5 days) significantly prolonged sur- 
vival of the ascites-bearing mice compared with the untreated 
or control IgG-treated group (P < .01). A significant prolon- 
gation of the survival was found in animals treated with KDR/ 
Flk-1 nAb compared with those treated with VEGF-A nAb 
(P < .05). The abdominal girth of all mice increased in parallel 
over lime. Neither invasion nor metastasis to the other organs, 
such as the liver, could be found macroscopically in the mice 
during the study period (data not shown). 
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FiG. 8. Therapeutic effects of VEGF-A nAb and KDR/Flk- i nAb on carci- 
nomatous peritonitis. 1 X V0 J MH134 cells were syngenetically intraperito- 
nealiy inoculated into C3H/He mice. On day 8. when all animals developed 
apparent malignant ascites, the mice were divided into 4 groups. The control 
IgG, VEGF-A nAb. and KDR/Flk-1 nAb groups were treated with the respec- 
tive administered doses described in Materials and Methods (n = 10 each). 
An untreated group was used as the control (n - 10). Survival of the animals 
was observed every day. The survival rates of mice injected with either 
VEGF-A nAb or KDR/Flk-1 nAb were significandy higher than those of the 
untreated and control IgG-treated mice (P < .01), using the log rank test. The 
survival rate of -KDR/Flk-1 nAb-veated mice was significandy higher than 
that of VEGF-A nAb (P < .05), using the log rank test. Solid lint, control; 
dotted/dashed line. IgG; dotted line. VEGF-A nAb; dashed line. KDR/Flk-1 nAb. 



DISCUSSION 

VEGF-A and its receptor interaction have been shown to 
play a central role in many physiologic and pathologic pro- 
cesses. 10 - 1 ' 37 * 40 It has been shown that the accumulation of 
the tumor ascites lluid results greatly from increased perme- 
ability of the capillaries in the peritoneal lining. Abundant 
VEGF-A activity has been found in the mouse, guinea pig, and 
human tumor ascites fluid, and the increased capillary* perme- 
ability correlated with the appearance of VEGF-A in the as- 
cites fluid. 4 8 The role of VEGF-A, however, in HCC ascites 
has not been examined. 

The effects of VEGF-A are mediated mainly through two 
high-affinity receptors: flt-1 and KDR/Flk-1. It has been sug- 
gested that flt-1 and KDR/Flk-1 serve different roles in the 
angiogenesis and signal transduction pathway. 1217 In solid- 
tumor angiogenesis, KDR/Flk-1 has been shown to be a pre- 
dominant receptor. Suppression of KDR/Flk-1 by mecha- 
nisms such as dominant-negative KDR/Flk-1 and KDR/Flk-1 
nAb showed adequate inhibition of solid-tumor development, 
including HCC. 18 - 25 It also has been reported that KDR/ Flk-1 
was a predominant receptor in VEGF-A-medialed vascular 
permeability. 41 The nonspecific VEGF-A receptor kinase in- 
hibitor and KDR/Flk-1 nAb inhibited the ovarian tumor as- 
cites. 2627 In solid-HCC development, we previously reported 
that KDR/Flk-1 was a predominant receptor of VEGF-A-me- 
diated bioactivity in the murine HCC model. 23 - 29 The role of 
KDR/Flk-1, however, in the HCC ascites formation has not yet 
been elucidated either. 

In this study, we showed that KDR/Flk-1 nAb significantly 
inhibited the ascites accumulation and the increase in tumor 
cell numbers in the ascites fluid, and these inhibitory effects 
seemed to be more potent than those of VEGF-A nAb treat- 
ment. Furthermore, in the therapeutic experiment, KDR/ 
Flk-1 nAb treatment significantly prolonged survival of the 
ascites-bearing mice compared with VEGF-A nAb treatment. 
It is difficult to simply compare the inhibitory effect of the 
ligand (VEGF-A) audits receptor (KDR/Flk-1) neutralization. 
However, we at least found that the treatment with VEGF-A 
nAb abolished the VEGF-A protein level in the ascites, and 
KDR/Flk-1 nAb almost completely suppressed activation of 
this receptor at the dose that we used in this study. We there- 
fore could assess the suppressive effect of each factor in this 
HCC ascites model. 

Apart from VEGF-A, other VEGF ligands can also bind 
KDR/Flk-l. VEGF-C is capable of binding to and activating 
KDR/Flk-1 and flt-4, but not flt-1. l0 " u It has been reported 
that KDR/Flk-1 played a critical role in the signal transduction 
pathway for the vascular permeability activity of VEGF-C 42 
ln this study, we found VEGF-C in the malignant ascites, and 
activation of KDR/Flk-1 was still observed as a result of 
VEGF-A inhibition. Because VEGF-C nAb is not currendy 
available, it is difficult at this time to elucidate the exact in- 
volvement of each VEGF-family member. A recent study, 
however, has shown that VEGF-A and VEGF-C showed syn- 
ergistic effect, and that the redundant biological effects of 
VEGF-A and VEGF-C depended on binding and activation of 
KDR/ Flk-1. 43 It may be possible that VEGF-A and VEGF-C 
acted cooperatively in hepatic malignant ascites formation via 
activation of the KDR/Flk-1 receptor. Further studies are re- 
quired to examine the individual role of these VEGF family 
members. 
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A previous report showed that the peritoneal neovascular- 
ization correlated with ascites formation 5 weeks after the 
tumor inoculation. 5 In this study, however, we did not find a 
significant difference in the capillary density of the peritoneal 
wall (data not shown) . The exact reason for this discrepancy is 
not clear, but it has been shown recently that the VEGF con- 
centrations in ascites did not consistendy correlate with the 
capillary density in the peritoneal wall in the mouse tumor 
ascites, including MH 134. 8 Another report suggested that 
tumor-derived VEGF-A is obligatory for ascites formation, 
but not for intraperitoneal tumor growth and angiogenesis. 3 
This report also suggested that inhibition of angiogenesis 
would only suppress the development and growth of the 
larger intraperitoneal tumors. Although MH134 cells can 
grow in syngeneic hosts in both solid and ascites forms, intra- 
peritoneal injection of MH134 cells into C3H/He mice re- 
sulted in development of malignant ascites without develop- 
ment of intraperitoneally disseminated solid tumors. Because 
MH134 did not form intraperitoneal rumors, it is possible that 
dependency of this tumor ascites on angiogenesis would be 
much less compared with that of solid tumors or other types 
of tumor ascites. Alternatively, new vessels that developed in 
response to VEGF-A and VEGF-C expressed by MH134 may 
have not developed sufficiently during the survival period of 
the mice in this experiment, because angiogenesis of the peri- 
toneal wall seemed to require at least more than 10 days. 9 

In summary, we show here that KDR/Flk-1 is a major reg- 
ulator of malignant hepatic ascites formation, and in addition 
to VEGF-A, VEGF-C may also be involved in the development 
of malignant hepatic ascites formation. Furthermore, because 
KDR/Flk-1 nAb significantly prolonged the survival of the 
malignant ascites-bearing mice, inhibition of KDR/Flk-1 may 
be a potential future target for the treatment of malignant 
hepatic ascites. 
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Ovarian cancer is characterized by the rapid growth 
of solid intraperitoneal tumors and large volumes of 
ascitic fluid. Vascular endothelial growth factor 
(VEGF) augments tumor growth by inducing neovas- 
cularization and may stimulate ascites formation by 
increasing vascular permeability. We examined the 
role of VEGF in ovarian carcinoma using in vivo mod- 
els in which intraperitoneal or subcutaneous tumors 
were induced in immunodeficient mice using the hu- 
man ovarian carcinoma cell line SKOV-3- After tumor 
engraftment (7 to 10 days), some mice were treated 
with a function-blocking VEGF antibody (A4.6.1) spe- 
cific for human VEGF. A4.6.1 significantly 0> < 0.05) 
inhibited subcutaneous SKOV-3 tumor growth com- 
pared with controls. However, tumor growth re- 
sumed when A4.6.1 treatment was discontinued. In 
mice bearing intraperitoneal tumors (IP mice), as- 
cites production and intraperitoneal carcinomatosis 
were detected 3 to 7 weeks after SKOV-3 inoculation. 
Importantly, A4.6.1 completely inhibited ascites pro- 
duction in DP mice, although it only partially inhib- 
ited intraperitoneal tumor growth. Tumor burden 
was variable in A4.6.1treated IP mice; some had min- 
imal tumor, whereas in others tumor burden was 
similar to that of controls. When A4.6.1 treatment was 
stopped, IP mice rapidly (within 2 weeks) developed 
ascites and became cachectic. These data suggest that 
in ovarian cancer, tumor-derived VEGF is obligatory 
for ascites formation but not for intraperitoneal tu- 
mor growth. Neutralization of VEGF activity may have 
clinical application in inhibiting malignant ascites 
formation in ovarian cancer. " (Am J Pathol 1998, 
153:1249-1256) 

Angiogenesis, the development of new blood vessels 
^from existing vasculature, is an essential component of 



solid tumor growth and metastasis. It is now generally 
accepted that solid tumor growth mist be accompanied 
by angiogenesis to provide the vascular support essen- 
tial for the expanding tumor mass. Several angiogenic 
factors are expressed by many tumors, suggesting that 
tumors promote their own vascularization by activating 
the host endothelium. The importance of angiogenesis in 
tumor progression is indicated by studies showing that 
the angiogenic potential of tumors, assessed by tumor 
microvessel density, directly correlates with poor prog- 
nosis. 6 " 1 , 1 However, the mechanism of solid tumor angio- 
genesis at the molecular level is not well understood, and 
the relative importance of specific angiogenic factors in 
mediating vasculogenesis in specific malignancies is not 
well defined. 

One angiogenic factor that is thoughtto play a key role 
in the vascularization of normal and neoplastic tissue is 
vascular endothelial growth factor (VEGF), also known as 
vascular permeability factor. VEGF is a potent and spe- 
cific mitogen for endothelial cells, 12-17 stimulates the full 
cascade of events required for angiogenesis in vitro and 
in v/Vo, 17 * 18 and markedly augments the permeability of 
existing microvasculatature. 19 " 21 VEGF is expressed in 
many animal and human malignancies and by most 
transformed cells lines. 21 " 41 The effect of VEGF on vas- 
cular permeability is believed to be crucial for malignant 
ascites formation. 19 - 42 ' 43 The actions of VEGF are medi- 
ated by at least two cell surface receptors, flt-1 and 
KDR 44,45 The centra | r0 | e 0 f VEGF in tumor growth has 
been demonstrated in studies using animal models in 
which tumor growth and vascularization in vivo were in- 
hibited if VEGF activity was neutralized by function-block- 
ing antibodies 46 or expression cf antisense VEGF 
mRNA 47 or if signaling.was disrupted by dominant-neg- 
ative mutation of the KDR receptor. 48 
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Ovarian cancer is characterized by widespread intra- 
peritoneal carcinomatosis and the formation of large vol- 
umes of ascitic fluid 49 VEGF may play a major role in the 
progression of ovarian cancer by influencing tumor 
growth through its promotion of tumor angiogenesis and 
ascites production through its stimulation of vascular per- 
meability. Although VEGF has been detected in ovarian 
cancer, 26 - 37 - 50 - 51 so. too. have most other known angio- 
genic factors 3752 " 59 ; .herefore, the role./tf VEGF as a 
regulator of angiogenesis in ovarian cancer growth is 
unclear. However, several studies have indicated that 
VEGF-regulated angiogenesis is an important compo- 
nent of ovarian cancer growth. Microvessel density and 
the level of VEGF exp'ession in ovarian cancer directly 
correlate with poor prognosis, suggesting that angiogen- 
esis. possibly mediated at least in part* by VEGF, influ- 
ences disease progression. 26 - 50 - 51 In a murine model of 
ovarian cancer, the drug FR1 18487, which inhibits angio- 
genesis by inhibiting basic fibroblast growth factor and 
VEGF activities, 60 suppressed the in vivo growth and 
metastasis of a murine ovarian cancer cell line. 61 In the 
present study, we directly assessed the role of VEGF in 
the growth and progression of ovarian cancer. To that 
end, we used the human ovarian carcinoma cell line 
SKOV-3 to develop an in vivo model of ovarian 'Cancer in 
"immunodeficient mice that recapitulated the intraperito- 
neal carcinomatosis and ascites production seen in 
women with this disease. We then used a function-block- 
ing monoclonal antibody, which blocks access of VEGF 
to both the flt-1 and KDR receptors, to specifically inhibit 
tumor-derived VEGF activity and assessed the conse- 
quences on tumor growth, ascites formation, and disease 
progression. 



Materials and Methods 
Materials 

A mouse monoclonal antibody (A4.6.1) directed against 
human VEGF was used to neutralize VEGF activity in vivo. 
Characterization of this antibody, including its high spec- 
ificity toward human VEGF and its ability to inhibit VEGF 
activity in vitro and in vwo, as well as to block binding of 
VEGF to its receptors in vivo, has been described previ- 
ously. 48,62 The antibody does not inhibit the activity of 
mouse VEGF (unpublished data). The human ovarian 
cystadenocarcinoma cell line, SKOV-3, was obtained 
from the American Type Culture Collection (Manassas, 
VA). One-month-old female immunodeficient mice 
(BALS/c nu/nu) were obtained from Simonsen Laborato- 
ries (Gilroy. CA), housed in isolated conditions, and fed 
autoclaved standard pellets and water. All protocols in- 
volving immunodeficient mice were approved by the 
Committee on Animal Care. University of California, San 
Francisco. 



Cell Culture 

The SKOV-3 cells were cultured in Oulbecco's modified 
Eagle's medium H-21 containing 10% fetal calf serum. 



glucose (4.5 g/L). penicillin G (100 U/ml).. streptomycin 
(2.5 jig/ml), glutamine (2 mmol/L), and fungizone (2.5 
/ig/ml).-AII cell culture reagents were obtained from the 
Cell Culture Facility, University of California, San Fran- 
cisco. Before in vivo inoculation, SKOV-3 cells were 
grown to confluence, harvested by trypsinization, and 
resuspended in Ca 2 ~/Mg 2+ -free phosphate buffered sa- 
line (PBS). In preliminary studies, we determined that 
SKOV-3 cells express VEGF in vivo and in vitro using 
reverse transcription-polymerase chain reaction and im- 
munocytochemistry, respectively, and that A4.6.1 does 
not affect their proliferation in vitro (data not shown). 

* In Vivo Inoculation of SKOV3 Cells 

The SKOV-3 'cells were prepared for inoculation as de- 
scribed above and injected as a bolus either into the 
peritoneum (IP group; n = 31; 10 x 10 6 cells per mouse 
in 200 /xl of PBS) or into the dorsal subcutaneous tissue 
(SC group: n = 8; 5 to 10 x 10 6 cells in 50 /J of PBS) of 
athymic mice. Some SC mice received two boluses of 
SKOV-3 cells, one in each flank. Seven to 10 days after 
SKOV-3 inoculation, some of the mice (IP group, n - 16; 
SC group, n = 5) were treated with A4.6.1 (100 /ig in 0.1 
ml of PBS, intraperitoneal^, twice per week), and the rest 
were treated with the same volume of vehicle. A4.6.1 
treatment was delayed to ensure that tumor engraftment 
was not inhibited. The size of subcutaneous tumors was 
measured twice weekly using calipers fitted with a Ver- 
nier scale. For each tumor, two perpendicular measure- 
ments were obtained from which an estimate of tumor 
radius was derived. Tumor volume was then calculated 
based on the assumption that tumors -were spherical. At 
the end of the experimental period, mice were killed by 
anesthetic overdose. At autopsy, SKOV-3 tumors were 
excised, fixed in 4% paraformaldehyde/100 mmol/L PBS, 
pH 7.4, at 4°C for 24 hours, and embedded in paraffin. 
Paraffin sections (10 j*m) were used for histochemical 
analysis. 

Statistics 

Data were analyzed using the unpaired Student's t-test 
for statistical comparison between groups. Differences 
between groups were considered statistically significant 
at P < 0.05. Experiments were performed in triplicate. 

Results 

Experimental Model of Human Ovarian Cancer 

All IP mice receiving PBS treatment (ie, control mice) 
developed a swollen abdomen, indicative of ascites for- 
mation and intraperitoneal carcinomatosis, within 3 to 6 
weeks of SKOV-3 administration. Soon after (within 5 to 7 
days) the appearance of abdominal swelling, PBS- 
treated IP mice became cachectic and as a conse- 
quence were euthanized in accordance with the animal 
care protocol. The intraperitoneal carcinomatosis in the 
IP mice closely resembled peritoneal metastases from 
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Figure 1 . Histological appearance of intraperitoneal SKOV-3 tumors £T) derived from PBS-treated and amihndy-ireateti ( A4.6. i ) mice approximately % wcufo after 
intraperitoneal cell inoculation H&E staining of 10 -^m paraffin sections. Bar = 500 jim. 



poorly differentiated s;age III papillary serous ovarian 
cancer 63 The neoplasms were characterized by trabec- 
ular and solid patterns of growth with variable degrees of 
cytological atypia. Numerous mitotic figures were identi- 
fied, and papillary growth was common on the luminal 
side. In most tumors, desmoplastic stroma typical of 
ovarian cancer metastases was seen. Tumors were found 
on the surfaces of the peritoneum; diaphragm, intestines 
(Figure 1), uterus and associated fat. and stomach. Tu- 
mors were rarely found on the liver or spleen, and there 
was no evidence of visible metastasis to organs outside 
of the peritoneum. In general, the tumors did not invade 
the host tissue to which they were adherent; however, 
some focal invasion Into muscle was seen. Extensive 



tumor growth was detected in the uterine fat, and foci of 
tumor were observed in the uterine lymphatics. The sites 
and extent of the peritoneal carcinomatosis and the pro- 
duction of ascitic fluid induced by in:raperitoneal admin-, 
istration of SKOV-3 cells in immunojeficient mice were 
similar to those seen in women with ovarian epithelial 
cancer. 



Role of VEGF in SKOV-3 Tumor Growth 

To examine directly the role of tumor-derived VEGF in 
SKOV-3 tumor growth, we established an in vivo model in 
which SKOV-3 tumors were grown subcutaneously 
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in immunodeficient mice. Well defined subcutaneous tu- 
mors developed within 7 days of SKOV-3 inoculation and 
were of sufficient size to permit accurate measurement. 
Tumor growth was rapid, and within 3 weeks the subcu- 
taneous foci were 5 to '0 mm in diameter and began to 
exhibit vascular islands that eventually formed blood- 
filled cysts. By 6 weeks, the largest tumors were approx- 
imately 20 mm in diameter and contained numerous 
cysts that eventually ruptured. At this stage of tumor 
progression, the mice were killed. 

To assess the role of VEGF in tumor growth, some SC 
mice (n = 5 mice; 11 tumors) were treated with A4.6.1. 
Control mice (n = 3 mice; 6 tumors) were treated with 
PBS. In preliminary studes, we found that treatment with 
a nonspecific antibody of the same IgG type had no 
effect on tumor growth and was essentially equivalent to 
vehicle alone (data not shown). A4.6.1 significantly inhib- 
ited the growth of subcutaneous SKOV-3 tumors within 2 
weeks of treatment (Figure 2); tumor size cfid not 
progress beyond the size attained at. the initiation of 
A4.6.1 treatment and the tumors did not form cysts. After 
cessation of A4.6.1 treatment (Figure 2B), tumor growth 
resumed, and within 2 weeks the tumors developed 
blood-filled cysts and'the mice had to be killed. In pre- 
liminary studies in which fewer cells were used'for sub- 
cutaneous inoculation, after discontinuance of A4.6.1 
treatment, tumor growth resumed and within 3 weeks the 
rate of growth paralleled that of controls. Tumor growth 
also was inhibited when A4.6.1 was administered late in 
tumor progression (30 days) (Figure 2B). Interestingly, in 
these tumors A4..6.1 appeared to deplete the contents of 
the cysts; their volume was markedly reduced, and some 
cysts involuted without *upture. In addition, tumors lost 
their red coloration and became more skin toned in ap- 
pearance. 

There was no evidence that A4.6.1 induced an anti- 
body-dependent cellular cytotoxicity or a macrophage- 
mediated response that could have inhibited tumor 
growth. Histological examination of growth-inhibited sub- 
cutaneous tumors failed to demonstrate any significant 
inflammatory response (data not shown). 
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Figure 2. Effect of neutralization of tumor-derived VEGF activity on the 
growth of subcutaneous SKOV-3 tumors. Mice were treated with either PBS 
or antibody (A4.6.1, 100 jig) intra perttionally twice veekly for approximately 
4 weeks. In A, al! mice were killed at 30 days, tn B, ireaiments were reversed 
at day 29- Numbers in paremhescs represent the number of cumors analyzed 
in each group. 



Role of VEGF in Intraperitoneal Tumor Growth 

Studies of subcutaneous SKOV-3 tumor growth estab- 
lished the pivotal role of VEGF in tumor progression. 
However, as ovarian cancer is not a subcutaneous ma- 
lignancy, we studied the effects of A4.6.1 treatment on 
the growth 'and progression of intraperitoneal SKOV-3 
tumors. IP mice were treated with A4.6.1 (n = 16) or PBS 
(n = 15) in an identical fashion to those bearing subcu- 
taneous tumors. However, intraperitoneal tumor growth 
could not be monitored directly and, because of its 
spread within the abdomen, could not be quantified ac- 
curately. Therefore, intraperitoneal tumor burden was as- 
sessed qualitatively at postmortem examination. In all 
animals, treatment was initiated 8 days after SKOV-3 
inoculation and continued for various times. 

In experiment 1 (Figure 3A). all animals were killed 21 
days after SKOV-3 inoculation. At postmortem examina- 



tion, two of the three PBS-treated animals exhibited ab- 
dominal swelling with a moderate level of ascites and had 
moderate and easily detectable intraperitoneal tumor 
burden. The remaining PBS-treated animal had no de- 
tectable abdominal swelling or ascites and only a mild 
tumor burden. None of the A4.6.l-t*eated IP animals 
showed signs of ascites formation or cachexia at the time 
of postmortem examination, and intraperitoneal SKOV-3 
tumor burden was barely detectable, interestingly, A4.6.1 
inhibited the growth of small subcutaneous tumors at the 
site of SKOV-3 injection that developed in some IP 
animals. ■ 

In "experiment 2 (Figure 3B), the eflects of prolonged 
A4.6.1 treatment (n = 6) were examined. All of the PBS- 
treated animals (n = 6) displayed signs of ascites forma- 
tion and cachexia at various times after SKOV T 3 inocula- 
tion; the first PBS-treated animal was killed at 4.5 weeks 
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Figure 3. Effect of neutralization of tumor-derived VEGF on intraperitoneal 
SKOV-3 tumor development and ascites production in mice inoculated in- 
tra'peritonealiy with SKOV-3 cells. Shown are ourcomes for individual ani- 
mals in three separate experiments. Tumor burden was assessed qualitatively 
as follows: -r + + + , High, many clusters of large (5 to 10 mm in diameter) 
solid tumors easily visible in the peritoneal cavity; + + -*-, Moderate, clusters 
of tumors (3 to 5 mm in diameter) readily visible but spread not as extensive 
as High; + + , Low, large tumors not apparent but small foci visible on 
peritoneum, omentum, uterine fat pads, and diaphragm: +. Scare, only small 
foci seen on peritoneum, omentum, and diaphragm. Extent of ascites pro- 
duction also was determined qualitatively as follows: + + -K High, marked 
abdominal swelling with 5 to 10 ml of bloody ascites; t +, Moderate, distinct 
abdominal swelling with 3 to 5 ml of clear ascites; + , Low, no abdominal 
swelling, small volume of clear ascitic fluid detected at postmortem exami- 
nation; - , No ascites detected. 



and the last at 6,5 weeks because of severe cachexia 
associated with the developing ascites. One A4.6.1- 
treated animal exhibited ascites and cachexia and there- 
fore was killed at 5.5 weeks. This mouse had a high tumor 
burden. Four of the A4.6.1 -treated animals were killed at 
6.5 weeks. The remaining A4.6.1 -treated IP mouse was 
killed the following day. Five of the six A4.6.1 -treated IP 
animals appeared normal at the time of postmortem ex- 
amination, and no asciies formation could be detected. In 
A4. 6.1 -treated mice, intraperitoneal tumor burden was 
variable: in three of :he six animals it was high and 
comparable with tumor burden in those mice receiving 
PBS alone, whereas in the other IP animals tumor burden 
ranged from moderate to scarce. The reason for the 
apparent lack of response in the one A4.6.1 -treated 
mouse is uncertain. 

In experiment 3 (Figure 3C), A4.6.1 treatment was 
stopped after the last PBS-treated animal was killed (ap- 



proximately 7 weeks after SKOV-3 inoculation). At that 
time, three of the six A4.6.1 -treated animals were killed. 
As with experiment 2, all of the PBS-treated animals 
exhibited abdominal swelling and became cachectic ap- 
proximately 6 weeks after receiving SKOV-3 cells. All of 
these animals had severe ascites and a high intraperito- 
neal tumor burden. In contrast, the three A4.6.1-treated 
animals killed at 6.5 weeks had no detectable ascites and 
a variable, but clearly detectable, tumor burden. Impor- 
tantly, within 2 to 3 weeks of "cessation of A4.6.1 treat- 
ment, the remaining mice developed severe ascites, be- 
came cachectic, and had to be killed. The tumor burden 
in these animals varied from moderate to high. 



Discussion 

Ovarian cancer is a disease that begins in, and usually is 
limited to, the peritoneal cavity. The majority of women 
with ovarian cancer present with peritoneal carcinomato- 
sis, the principal cause of morbidity and mortality. Ovar- 
ian cancer also is associated with malignant ascites for- 
mation; in most cases the first indication of ovarian 
cancer is swelling of the abdomen due to the accumula- 
tion of ascitic fluid. 63 VEGF is thought to play a major role 
in -the progression of ovarian cancer by promoting the 
neovascularization and subsequent growth of solid intra- 
peritoneal tumors and by inducing ascites formation by 
increasing the permeability of the tumor vasculature. Sev- 
eral studies have shown that VEGF is expressed by hu- 
man ovarian carcinoma cells and that the level of expres- 
sion directly correlates with poor prognosis. However, as 
ovarian carcinoma cells also express other angiogenic 
factors, the specific role of VEGF in the growth and pro- 
gression of ovarian cancer is unclear. Therefore, the 
present study was conducted to determine the role of 
VEGF in the regulation of ovarian cancer growth and 
ascites formation. 

We used the human cell line SKOV-3, derived from a 
human ovarian serous cystadenocarcinoma, which ac- 
counts for 40 to 50% of all ovarian epithelial cancers, to 
induce peritoneal carcinomatosis and ascites production 
in immunodeficient mice. This model closely mimicked 
human ovarian cancer in that: 1) carcinomatosis w t as 
■ confined to the peritoneum; 2) the progression of the 
disease involved ascites formation and cachexia (IP mice 
were asymptomatic until they began to develop ascites, 
which always was associated with a neavy intraperitoneal 
tumor burden); 3) the morphology of intraperitoneal 
SKOV-3 tumors closely resembled peritoneal metastases 
from poorly differentiated stage III ovarian cancer 
in women; and 4) in preliminary studies, we confirmed 
that SKOV-3 tumors, like human ovarian carcinomas, 
express VEGF. 

To examine the role of VEGF in ovarian cancer, we 
specifically ablated tumor-derived VEGF activity in IP 
mice using the lunction : blocking antibody, A4.6.1. This 
neutralizing antibody, which blocks access of VEGF to 
both VEGF receptors, inhibits the activity of human, but 
not mouse. VEGF and therefore specifically blocks the 
activity of tumor-derived VEGF. The effects of A4.6.1 on 
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SKOV-3 tumor development were first examined using 
the subcutaneous model n which tumor growth could be 
monitored directly. We found that A4.6.1 was tumoristatic 
for SKOV-3 tumors grown subcutaneously; tumors failed 
to grow beyond the size attained at the beginning of the 
A4.6.1 treatment. However, when A4.6.1 treatment was 
stopped, the growth of subcutaneous tumors resumed. 
This observation is consistent with the concept that VEGF 
regulates, and is essential for, tumor neovascularization, 
Tumors could not grow further, because they could not 
stimulate the necessary vascularization to support a 
greater tumor mass. However, the existing vasculature 
likely was not affected by A4.6. 1 treatment and therefore 
remained sufficient to maintain tumor size. Interestingly, 
when A4.6.1 was administered to SC mice bearing ad- 
vanced tumors (10 to 15 mm in diameter with blood-filled 
cysts), tumor growth was inhibited and cysts regressed 
and involuted without rupturing, The regression of Wood- 
filled cysts in response to VEGF inhibition suggests that 
tumor cyst formation is influenced by VEGF. This obser- 
vation is consistent with the increase of vascular perme- 
ability caused by VEGF and suggests that VEGF may 
induce cyst formation by augmenting microvessel per- 
meability. These data clearly demonstrated that rf tumor- 
derived VEGF is a necessary component of subcutane- 
ous SKOV-3 tumor growth. However, ovarian cancer is 
not a subcutaneous disease but instead usually is limited 
to the peritoneal cavity. Therefore, we performed similar 
experiments using the intraperitoneal model. 

In IP mice, inhibition of tumor-derived VEGF activity by 
A4.6.1 prolonged life and completely inhibited ascites 
formation. However, unlike its consistent tumoristatic ac- 
tion in SC mice, A4.6.1 only partially inhibited SKOV-3 
tumor growth in IP mice; In some A4.6.1 -treated IP mice, 
the extent of intraperitoneal tumor burden was simitar to 
that of PBS-treated animals, whereas in others it was 
minimal. The reason that *umor-derived VEGF was oblig- 
atory for subcutaneous, but not intraperitoneal, SKOV-3 
tumor growth is unclear. The peritoneal cavity offers a 
markedly different environment for tumor growth and 
spread than does the subcutaneous space. Within the 
peritoneum, SKOV-3 cells are not confined, as they are 
when administered as a subcutaneous bolus. Conse- 
quently, subcutaneous tumors grew only as a spherical 
mass under the skin, whereas in the peritoneum, tumors 
grew as thin sheets over a relatively large surface area 
with the occasional formation of solid tumor foci extend- 
ing into the peritoneal cavity. With this mode of tumor 
growth and spread, it is likely that dependency on angio- 
genesis would be minimal, as the thin layers of tumor and 
some of the tumor buds would be small enough to survive 
by passive diffusion of nutrients from the underlying host 
vasculature and the surrounding peritoneal fluid. How- 
ever, neovascularization clearly occurred in some intra- 
peritoneal tumors, particularly the large solid tumors that 
formed on the pelvic organs. Thus, intraperitoneal carci- 
nomatosis appears to have angiogenesis-independent 
and -dependent components; ie, formation and growth of 
ibn thin layers of tumor and some of the smaller solid 
hud:; would be independent of angiogenesis and be 



maintained by the pre-existing vasculature, whorons the 
larger solid intraperitoneal tumors would require neovas- 
cularization for continued growth. If this concept is cor- 
rect, then inhibition of angiogenesis would only inhibit tho 
development and growth of the larger intraperitoneal tu- 
mors. Consistent with this notion-, we "ound that A4.6. 1 
did not inhibit the formation of tumor sheets on peritoneal 
surfaces or the formation of small solid tumor foci. How- 
ever, large and presumably angiogenesis-dependent 
SKOV-3 tumors were detected in some A4.6.1 -treated 
mice. It is unlikely that the dose of A4.6.1 was insufficient 
to inhibit SKOV-3 activity by intraperitoneal tumors, as the 
same dose was sufficient to act systemically and com- 
pletely inhibit subcutaneous SKOV-3 tumor growth in SC 
mice. Furthermore, in some IP mice it was sufficient to 
inhibit the growth of a subcutaneous tumor that devel- 
oped at the site of SKOV-3 inoculation. This indicates that 
VEGF-regutated angiogenesis may not be an essential 
factor in the growth of intraperitoneal carcinomatosis. 
Indeed, it is possible that other angiogenic factors, many 
of which have been detected in ovarian carcinoma cells, 
may have compensated for the lack of VEGF or may play 
a more prominent role in the control of intraperitoneal 
tumor angiogenesis. However, it is difficult to reconcile 
this possibility with an explanation of wvhy such factors 
would not have supported angiogenesis in the subcuta- 
neous model. It appears that the role of VEGF in tumor 
growth may be influenced by the site of tjmor engraftment 
A4.6.1 completely inhibited ascites formation in IP 
mice, even though some animals had a tumor burden that 
was similar to that of controls thai devebped ascites and 
cachexia. When A4.6. 1 treatment was stopped, IP mice 
rapidly developed ascites and became cachectic. VEGF 
is a potent stimulator of vascular permeability and. is 
thought to play a major role in the development of malig- 
nant ascites. 43 Our data support the hypothesis that as- 
cites formation in ovarian cancer is regulated by tumor- 
derived VEGF via the augmentation of tumor microvessel 
permeability. Ascites formation, as indicated by abdom- 
inal swelling, only became apparent relatively late in dis- 
ease progression when tumor burden was high. It is 
possible that ascites was produced earlier; however, its 
rate of production was likely less than its rate of clearance 
from the peritoneal cavity. As tumor burden increased, 
the rate of ascites production likely became greater than 
the capacity for clearance and resulted in ascites accu- 
mulation and abdominal swelling with associated ca- 
chexia. Interestingly, in the SC mice, A4.6.1 reduced the 
volume of existing tumor cysts, suggesting that A4.6.1 
could possibly reverse ascites accumulation if adminis- 
tered to IP mice exhibiting abdominal swelling. This pos- 
sibility has important clinical implications, as it suggests 
that inhibition of VEGF activity may reverse the accumu- 
lation of ascitic fluid in women with ovarian cancer, which 
could significantly contribute to treatment of the disease. 
In summary, these data suggest that tunor-derived VEGF 
is not an essential regulator of peritoneal ovarian cancer 
growth but plays a pivotal role in malignant ascites for- 
mation likely by increasing vascular permeability. 
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